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INTRODUCTION

As requested by the U.S. Nuclear Regulatory Commission (NRC), I repeated my
previous analysis of near-source ground motion (Campbell, 1990) using a random-effects
model similar to that proposed by Brillinger and Preisler (1984, 1985). The strong-motion
parameters of interest in this study were peak horizontal acceleration (PHA), peak vertical
acceleration (PVA), and horizontal and vertical components of 5%damped pseudorelative
velocity response (PSV). The results of this analysis are presented below,

GROUND-MOTION MODEL

There was a minor addition to the ground-motion model used previously (Campbell,
1990). N. Abrahamson (written communication, 1991) found that there were significant
differences in the long-period horizontal components of pseudorelative velocity on soil and
soft rock. This prompted the addition of an additional site term. The revised ground-
motion model is given by an expression of the form

ln Y = Pq + PzM + Ps in[R + P4 exp(Ps M)j + PeF + P7 tanh[Ps (M + P9) [

3

+Pqotanh(P<qD) +P>2S+ PPs~q2Ba+ t,
k=1

where Y is the strong-motion parameter of interest; M is earthquake magnitude (ML, for
M ( 6.0 and M, for M > 6.0); R is distance to seismogenic rupture in kilometers (hereafter
referred to as seismogenic distance); F is a parameter representing style of faulting [F = 0

for strike-slip faults, F = 1 for reverse, reverse-oblique, thrust, and thrust-oblique faults
(collectively referred to as reverse faults)); D is depth to basement rock (sediment depth) in
kilometers; S is a parameter characterizing site geology (S = 0 for soil sites, S =' for soft-
rock sites); Bk is a parameter representing building effects (Br ——1 for embedded buildings
3-11 stories in height, Bz = 1 for embedded buildings greater than ll stories in height,
Bs ——1 for nonembedded buildings greater than 2 stories in height, Bi ——B2 ——Bs ——0

for all other recording sites); c is a random error term; tanh(~) is the hyperbolic tangent
function; and P~,..., Pqs are parameters to be determined from the analysis. A thorough
discussion of this model is presented by Campbell (1990).

REGRESSION ANALYSES

The regression coefficients Pq,..., Pqs were estimated from a nonlinear random-effects
regression analysis. Unlike the nonlinear weighted least-squares analysis used previously,
the random-effects analysis includes both within-strata and between-strata variances in its
estimation procedure. The random-effects model used in the present analysis was based on
a maximum-likelihood technique proposed by PG8cE (1990) and ¹ Abrahamson (written
communication, 1991). It is similar to the random-eff'ects model proposed by Brillinger and
Preisler (1984, 1985) with two modifications: (1) recordings were grouped by earthquake
and distance (hereafter referred to as strata) in order to reduce the bias associated with the



l I

M "J

wk i

)gal

=ePt

>~fr

(1

I



(2

uneven distribution of recordings with respect to distance and magnitude, as recommended
by Campbell (1981, 1990), and (2) the variances associated with the random-error terms
were assumed to be magnitude dependent, as suggested by Youngs et al. (1990).

The random-effects model used to estimate the regression coefficients in Equation (1)
is given by the expression

where

vij = pv (P) + I + eij (2)

p;j ——P~ + P2mi + Ps In[rij+ Pq exp(Ps~i) ] + P6fi + P7 tanh[Pe(~i + PQ) ]

3

+ pin tntlh(plldij)+ jjlkkij+ p jjk+lkjkjky

k=1

y;j represents the jth observed value of ln Y in the ith stratum, all lower-case variables
represent observed values of the upper-case parameters in Equation (1), and gi and e;j
are independent normal variates with zero mean and within-strata and between-strata

. variances of crz(rni) and r2(m;), respectively. The error term g; is a random-effects term
common to all recordings of the ith stratum.

The regression coefficients and variances represented by Equation (2) were estimated
by maximizing the log-likelihood function

1 1
ln L[yij ) p, lit7) = — Ntn(2n) -——p( J; —t) tn[n (m;))

I I J. 2
—pin[122(m;) + J(2'(m;)[ ——Q, '"'3)

i=1 i=1

1 ~ ~ (vij uij (P) ui)

where

0(m;) = ifm; (62;
ifmi > 6.2,

r(mi) = 7] )

r2 t

ifmi ( 6.2;
ifmi>62,

N is the total number of recordings, I is the number of strata, and Ji is the number of
recordings in the tth stratum,
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Youngs ct al. (1990), using a much larger data set, assumed a(m;) and r(mi) to
be continuous functions of magnitude. Due to the smaller number of recordings and
limited magnitude range in the present study, I chose to model these parameters as discrete
functions of magnitude by separating the earthquakes into two magnitude intervals, m; (
6.2 and mi > 6.2, with each interval having roughly the same number of events.

The maximum-liklihood estimation was performed on a PC using NONLIN, a gener-
alized nonlinear regression algorithm developed by SYSTAT, Inc. I first tried to simulta-
neously fit both the regression coefficients and the variances from Equations (2) and (3)
using NONLIN. However, convergence was so slow using this method that I decided instead
to implement an alternative procedure suggested by N. Abrahamson (personal communi-
cation). Abrahamson's technique, which separates the estimation of the variances from
that of the regression coefficients, uses an iterative procedure to speed-up the convergence
process. The steps involved in this procedure are as'follows:

1. Use Equation (2) to estimate pl,..., pls by nonlinear least squares.

2. Calculate p;j(P) from the expression in Equation (2).

3. Calculate gi from the expression in Equation (3).

4. Estimate cr (m;) and r (mi) from the expressions

and

where

N( = Q J;

and I~ is the number of strata in the 1th magnitude interval.

5. Holding pij(P) constant, use Equation (3) to estimate new values for 0~(mi) and
r2(m;) by maximum likelihood.

6. Calculate g from the expression

r'(m;)
Qi

2( ) ~ g( )
~ Vij Ijtij(P)
j=l



l

f

L

n I rA'

iC

gt
r <a;

L



7. Calculate a new set of observations s;j from the expression

>sj = Vij Qi ~

8. Use x;j together with Equation (2) to estimate new values for Pi,...,Pis by non-
linear least squares.

9. Calculate new values for y;j and p;j(P) and repeat Steps 5 through 9 to convergence.

For purposes of the present analysis, the iterative process was terminated when diff'er-
ences between successive estimates of both the regression coefficients and variances were
found to be less than 0.0001, Usually this criterion was met in about 20 to 50 iterations.
However, in those instances where two or more of the regression parameters were highly
correlated, it took as many as 100 iterations to meet this criterion.

As before, the regression analyses of the response-spectral ordinates were performed
on the logarithm of the ratio of pseudorelative velocity to peak acceleration (PSV/PGA) ~

Due to the memory limitations inherent in NONLIN, it was not possible to fit Ps and Pqi
(former'ly fq and gq) for more than one spectral component at a time. Therefore, unlike the
previous analysis, these regression coefBcients were derived independently of one another.
As I willshow later, this constraint caused the predicted spectra from the present analysis
to exhibit more period-to-period variability than similar spectra developed by Campbell
(i990).

Prior to running the random-eKects model, I used an iterative nonlinear least-squares
analysis to determine which regression coefficients were expected to be statistically signif-
icant at the 90Yo confidence level. Those coefficients found to be statistically significant
were then included in a subsequent random-eKects regression analysis. This was done as

a reasonable alternative to the extremely time-consuming process of using an iterative
random-eEects analysis to select the regression coefficients, which was beyond the scope of
this study.

As before, the attenuation relationships for InPSV were derived by combining the
regression models for ln PGA and ln(PSV/PGA) using the relationship

In PSV = ln PGA+ ln(PSV/PGA). (4)

As a result, the variances derived from the random-effects regression analyses could not be
used as estimates of the variances associated with ln PSV. Instead, magnitude-dependent,
estimates of within-strata and between-strata variances were computed from the residuals
derived from the observed and predicted values of ln PSV. A similar procedure was used to
estimate the within-strata and between-strata variances for the entire data set (M = 4.7-
7.8).
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The results of the regression analyses are summarized in Tables 1-3. Those regression
coefficients enclosed in parentheses, although believed to be statistically significant, were
found to exhibit unusually large variability as indicated by their asymptotic standard errors
and, as a result, were held constant during the analyses. The total standard errors given by
the erg in Tables 4 and 5 were derived from the within-strata and between-strata variances
ot and r~ from the relationship

+t = ~+1 + ~( (5)

assuming statistical independence of g; and c;~.

DISCUSSION OF RESULTS

: Figures 1W compare the results of the random-effects regression analyses with those
derived previously using a weighted least-squares (variance-weighted) analysis (Campbell,
1990). As these figures show, the differences in the two sets of predicted ground motions are
generally less than 10'. The only ground motions that exhibit larger variations are hori-
zontal spectral velocities at periods exceeding 0.5 sec (Figs. 3-5), where the ramdom-effects
predictions are as much as 20Yo to 40% less than the corresponding variance-weighted pre-
dictions. These differences appear to have been caused by differences in the regression
coefficients associated with the magnitude and sediment-depth terms in Equations (1) and
(2)

GROUND-MOTION ESTIMATES FOR DIABLO CANYON

The attenuation relationships developed in the present study were used to derive site-
specific estimates of free-field ground motion for the Diablo Canyon site. The earthquake
scenario used to develop these estimates was the Long Term Seismic Program (LTSP)
analysis earthquake proposed by PG8cE (1988). This earthquake is a moment magnitude
(M ) 7.2 earthquake hypothesized to occur about 4.5 km offshore on the Hosgri fault.

PG8cE's choice of a faulting scenario for the proposed LTSP event was complicated
by uncertainty'concerning the actual location and geometry of the Hosgri fault. Based
on an interpretation of available geological and geophysical data obtained near the site,
PG8cE (1988) eventually proposed three possible faulting scenarios for this event: strike-
slip displacement on a vertical fault, reverse-oblique displacement on a steeply dipping
fault, and thrust displacement on a shallow-dipping fault. Based on a depth section and
crustal velocity model provided by PGRE (1990), seismogenic distances to the Diablo
Canyon site were estimated to be 4.7, 4.9, and 5.1 km for the proposed reverse-oblique,
strike-slip, and thrust scenarios, respectively.

Seismic velocity profiles near the site (PGRE, 1988, Figs, 2-9, 4-13, and 5-5) indicate
that there is a relatively strong velocity gradient within the top 4 km of the crust beneath
the site. Although rocks of the Franciscan Complex—usually considered to be basement
rock—underlay the site at a depth of about 1 to 2 km, the inferred velocity gradient in
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the upper 4 km is more representative of sedimentary rock rather than basement rock (R.
Wheeler and K. Campbell, unpublished data). As a result, depth to basement rock was
conservatively estimated to be 4 km for purposes of predicting site-specific ground motions
at the Diablo Canyon site.

Estimates of peak acceleration for PG&E's proposed LTSP analysis earthquake are
presented in Table 6. For these and subsequent estimates, M, was assumed to be equal to
M~, as suggested by Hanks and Kanamori (1979), and the standard error of estimate was
assumed to be equal to 0'i. For convenience, the estimates have been segregated by style
of faulting and uncertainty level. Estimates for the reverse-oblique and thrust-faulting
scenarios were calculated from Equation (1) assuming F = 1, since by definition both are
reverse-faulting ear thqua.kes.

Five-percent damped pseudoabsolute acceleration (PSA) spectra for PG&E's proposed
LTSP analysis earthquake for each of the three proposed faulting scenarios are presented in
Figures 7-18 along with the variance-weighted spectra developed by Campbell (1990). A
comparison of these two spectra indicates that the spectra derived from the random-eKects
analysis have generally smaller amplitudes than those derived from the weighted least-
squares analysis. The smaller amplitudes associated with the random-effects estimates
can. be attributed to one or more of the following: (1) lower predicted peak accelerations,
(2) smaller variances, or (3) lower predicted spectral accelerations at moderate-to-long
periods.
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TABLE 1

Regression Coe8icients: Horhontal Components

Paramerer, Period No. No.
Y (sec) Eq. Rec. Cl C2 CS Ci C6 CB C7 CB C9 Clo Cll C12

PHA, p

PSV. cm/sec

26

004 L6

005 21

0.076 21

0.10 21

0.16 21

020 21

O.SO 21

0 40 21

060 21

075 21

1.0 21

1.5 21

2.0 21

3.0 20

4.0 19

244 L.TT4 1.50

99 0 041 1.50

104 0.338 1.60

161 1.019 1.60

101 1.508 1.60

1B7 2.101 1.60

107 2.470 1.60

1B7 2.$ 40 1.60

107 2.453 1.60

107 2.27S 1.60

167 1.739 1.50

107 1.313 1.50

167 0.7$ 9 1.50

167 0.557 1.50

155 0.069 1.50

147 -0.306 '.$ 0

-2.55

2.55

-2.56
'2.66

-2.66

-2.56
-2.55

-2.65

2.56

-2.55

-2.55

-2.55

-2.55

-2.55

-2.55

2.55

0.004 O.SQO 0.277

0.804 0.590 0.277

0.604 0.590 0.277

0.064 0.690 0.277

0.004 0.690 0.27T

O.B04 0.$ 90 0.2T7

0.004 0.690 0.277

0.004 0.690 0.27T

0.004 0.590 0.27T

0.804 0.590 0.27T

0.604 0.590 0.277

0.604 0.590 0.277

0.604 0.590 0.277

0.604 0.590 0.277

0.604 0.590 0.277

0.604 0.$ 90 0.27T

0.041

0.915

1.41

1.72

2.31

2. 73

2.84

2.68

0.951

(L.oo)
l. 17

0.888

0.628

0.530

0.531

0.584

4.7

~ 4.7

4.7

4.7

~ 4.7

~ 4.7

4.7

4.7

0,115 4.57

0.430 5.75

0.647 6.41

0.63T $ .29

0.916 3.09

1.26 (3.09)

-0.131

-0.236

-0.232

-0.375

TABLE 2

Regression CoeEBcients: Vertical Components

Paramerer. Period No. No.
Y (sec) E Rec Cl C2 C3 Ci CS C6 C7 CB C9 Clo Cll C12

PVA, p

PSV, cm/sec 004 LB 98 -2014
0. 05 21 162 -1. ST3

0.075 21 1B4 -0.823

0. 10 21 1B4 .0.377

0. 15 21 104 -0.004

020 21 184 0.146

0.30 21 104 0.202

0.40 21 104 0.034

0.$0 21 104 -0.222

0.75 21 184 -0.359

1.0 21 104 -0.808

1.$ 21 163 1 595

20 21 103 1528

3.0 20 liB L.SOB

4.0 1T 142 -1.393

1.11 -1.61

1. 11 -1.61

1.11 -1.61

1.11 -1.61

1.11 -1.01

1.11 -1.61

1.11 -L.BL

1.11 1.01

1.11 -1.61

L. 11 -1.81

1.11 -1.61

L. 11 -1.61

1. 11 -1.B1

1.11 -1.61

l. 11 -1.61

25 239 -3.888 1.11 -L.BL 0.101 0.08T 0.090

0. 101 0.687 0.090

0.101 0.687 0.090

0.101 0.68T 0.090

0.101 0.68T 0.090

0.101 0.687 0.090

0.101 0.687 0.090

0.101 0.08T 0.090

0.101 0.68T 0.090

0.101 0.68T 0.090

0.101 0.087 0.090

0. 101 0.087 0.090

0. 101 0.687 0.090

0.101 0.687 0.090

0.101 0.081 0.090

0.101 0.08T 0.090

0.263

0.537

0.814

1.27

1.89

2.10

1.36

1.23

1.05

(1.05)

(1.05)
0.9TS

0. $28

0.493

(0.493)

(o.493)

4.T

~ 4.7

4.7

~ 4.T 0.113

4.1 0.469

-4.7 0.$ 10

-4.7 0.828

4.1 1.07

4.03

3.01

4.00

0.$ 47

0.463
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TABLE 8

Re(P'esslon CoefBcients: BLLlldlngsects

Horizontal Components Vertical Components

Parameter, Period
y (sec) C13 Cli

Parameter, Period
C15 y ( )

C13 Cli Cls

PHA, p

PSV, cm/sec 0.04

0.05

O.OT5

0. 10

0. 15

0.20

0. 30

0. 40

0.50

0. 75

1.0

1.5

2.0

3.0
4.0

-0.173 -0.344

-0.173 -0.344

0.233 0.391 0.062

0.173

-0.173

-0.173

0.066

0.016

0.123

0.409

0.594

0.344

-0.344

-0.344

-0.008

0.182

0.175

0.545

0.717

0.497

0.839

-0.294 OA32 -0.113

-0.296 -0.344 -0.080

-0.173 -0.344

-0.173 0.344

-0.173 -0.344

PVA, p

PSV, em/sec

-0.274 -0.401

0.04 -0.274 0.401

0.05 -0.398 -0.533

0.075 -0.355 -0.531

0.10 -0.401 0.573

0.15 -0.274 0.401

0.20 -0.056 0.19d

O.SO O.LSd -0.007
'0.40 0.145 -0.037

0.50 0.205 0.028

0.75 0.037 0.02'2

1.0 0.078 0.163

1.5 0.210 0.486

2.0 0.410 0.540

3.0 0.699 0.793

4.O O.BBS O.SG9

-0.134
~ 0.191

0.242

0.136

0.435

0.262

0.289

0.261

0.406

0.584

0.656

0.839

0.959

TABLE 4

Standard Errors: Horizontal Components

Magnitude Range

4.7-7.8 4.7&.1 6.2-7.8

Parameter. Period No. No.
Y (sec) Eq. Ree. rent

No. No. No. No.
7 O'q. Rcc. Crt TL CTL Eq. Rcc.

0't 72 t72

PHA, p

PSV, cm/sec

26

004 16

0.05 21

O.OTS 21

0. 10 21

0.15 21

0.20 21

0.30 21

040 21

0.50 21

075 21

1.0 21

1.5 21

20 21

30 20

4.0 19

244 o.ise o.2oe

99 0.419 0.'239

164 0.4T5 0.277

167 0.489 0.2TL

167 O.sod 0.282

167 0.532 0.26T

187 0.51B 0.229

1BT 0.444 0.201

167 0.429 0.192

167 0.419 0.181

LBT 0.4ds 0.240

187 0.468 0.241

16T 0.428 0.203

167 OA19 0.192

155 0. 493 0.200

147 0.541 0.253

O.S84 14 1'22

0.344 7 34

0.386 10 62

0.407 10 B2

0. 423 10 62

0.461 10 62

0.462 10 62

0396 10 B2

0.38S 10 B2

0. S7d 10 62

0. 419 10 62

0 402 10 62

0 378 10 62

0.373 10 62

0451 9 50

0.4TB 8 42

OAT4 0.263

0.528 0.339

0.539 0.319

0.602 0.376

0.825 0.401

0.855 0.375

O.B42 0.311

0.511 0.228

0.505 0.239

0.499 0.253

0.547 0.306

0.540 0.26T

OA72 0.228

OA32 0.225

0.447 0.209

0.516 0.249

0 394 12 122

0. 405 9 65

0.434 11 102

0.4TO 11 105

OA79 11 105

0.53T 11 105

0.562 11 105

0.4 5T 11 105

OA45 11 " 105

OA31 11 105

OA53 11 105

0 469 11 105

0.411 11 105

0 369 11 105

0.396 11 '05
0 452 11 105

0.385 0.153 0.353

0.349 0.161 0.310

0.439 0.246 0.362

0.416 0.179 0.376

0.431 0.177 0.393

OA4T 0.177 0.411

OA27 0.164 0.394

0.399 0.17d 0.357

0.382 0.157 0.348

0.372 0.124 0.350

0.458 0.201 0.409

0.440 0.231 0.374

0.422 0.195 0.374

0.428 0.178 0.389

0.52T 0. 189 0. 492

0.541 O.LSB 0.508
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TABLE 5

Standard Errors: Vertical Components

4.7-7.8

Magnitude Range

4.7&.1 6.2-7.8

Paramerer,
Y

Period No. No.
(ee'c) Eq. Rec.

No. No. No. No.
CTC 7 CT Eq. Rec. CJC Tl Cr1 Eq. Rec. CTC 72 Cr2

PVA. p 25

PSV, cm/eec 0.04 16

0.05 21

O.OT5 21

0.10 21

0.15 21

0.20 21

0.30 21

0.40 21

0.50 21

0.75 21

1.0 21

1.5 21

20 21

30 20

4.0 17

2S9 0.609

98 0.536

1B2 O.B56

164 0.648

164 0.633

164 0.613

164 O.ddo

164 O.SB9

164 0.590

164 0.538

164 0.569

164 0.585

163 0.600

163 '.588
148 0.609

138 0.693

0.2d3 0.539 13

0.410 0 345 7

0.368 0.542 10

0.314 0.567 10

0.291 0.562 10

O.SOB 0.531 10

0.313 O.idd 10

0.333 0.461 10

0.378 0.454 10

0.359 0. 402 10

0.407 0.398 10

0.384 0.441 10

0.384 0.461 10

0.340 0.480 10

0.299 0.525 9

0.278 0.635 6

119 0.670 0.281 0.608

S3 0602 0399 OA51

Bl 0.815 0.423 0.696

61 0.779 0.381 0.679

Bl 0.782 0.376 0.685

61 0.716 O.S40 0.630

61 0.647 0.286 0.580

61 0.607 0.334 0.507

61,0.625 0.349 0.519

61 0.611 0.400 0.462

61 0.5T3 0.418 0.393

B 1 0.572 0.398 0.411

60 0.599 0.451 0 393

60 0.533 0.340 OA10

43 O.613 O.295 O.538

35 0.478 0.100 0.468

12 120 0.55T

9 Bd 0 501

11 101 0.554

11 103 0 ST2

11 103 0.541

11 103 0.544

11 103 0.548

11 103 0.552

11 103 0.588

11 103 0.507

11 103 0.580

11 103 0.615

11 103 0 623

11 103 0.639

11 103 0 B22

11 103 0.748

0.32T 0.451

0.415 0.281

0.335 0.441

0.271 0.503

0.230 0.490

0.281 0.465

0.327 0.437

0.32d 0.443

0.403 0.427

0.339 0.376

0.406 0.413

0.391 0.475

0.355 0.512

0.354 0.532

0.305 0.542

0.264 0.699

TABLE 6

Site-SpeciQc Estimates of Peait Acceleration:
Diablo Canyon Site, California

(M, = 7.2> 8 = 4.7-5.1 km, D = 4 km)

Parameter,
Y

Strike Slip Reverse Oblique Thrust

R Median Median+ lcrc 8 Median Median+1crc 8 Median Median+ lcrc

PHA, 9
PVA, 9

4.9 0.46 0.68 4.7 0.61 0.90 5.1 0.60 0.88
4.9 0.51 0.90 4.7 0.57 1.00 5.1 0.55 0.97
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PEAK HORIZONTAL ACCELERATION
Strike-Slip Faults: M - 5.0, 6.5, 8.0

PHA (g)

0.1
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—Random Effects

Variance Weighted
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Figure 1
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PEAK VERTICAL ACCELERATION
Strike-Slip Faults: M - 5.0, 6.6, 8.0

PVA (g}

0.1
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—Random Effects

Variance Weighted

10

Distance to Seismogenic Rupture (km}

Figure 2
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HORIZONTAL VELOCITY SPECTRA
Strike-Slip Faults: M 5.0, 6.5, 8.0

R 10, D 0

5% Damped PSV (cm/sec)
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HORIZONTAL VELOCITY SPECTRA
Strike-Slip Faults: R - 10, 25, 50

M 6.5, D 0
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VERTICAL VELOCITY SPECTRA
Strike-Slip Faults: M 5.0, 6.5, 8.0

R 100 0

6% Damped PSV (cm/sec)
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VERTIGAL VELOCITY SPECTRA
Strike-Slip Faults: R - 10, 26, 60

M 6.5, D 0

5% Damped PSV (cm/sec)
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HORIZONTAL ACCELERATION SPECTRA
Strike-Slip Fault: M - 7.2, R - 4.9

D 4;0

5% Damped PSA (g)
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HORIZONTAL ACCELERATION SPECTRA
Strike-Slip Fault: M 7.2, R 4.9

D R4.0

3.0
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HORIZONTAL.ACCELERATION SPECTRA
Reverse-Oblique Fault: M ?.2, R 4.7

D ~ 4.0-

3.0

2.5

5% Damped PSA (g)

Median LTSP Spectra:

Random Effects

Variance Weighted

2.0

1.5

't.o

0.5

//
/

/
/

////
/

/
/

/
/

I'I

/

0.0
0.'t 't 't0

Undamped Natural Frequency (Hz)

Figure S

100



+)t
)ff



HORIZONTAL ACCELERATION SPECTRA
Reverse-Oblique Fault: M - 7.2, R - 4.7

D i 4.0
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HORIZONTAL ACCELERATION SPECTRA
Thrust Fault: M 7.2, R ~ 6.1

D ~ 4.0
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HORIZONTAL ACCELERATION SPECTRA
Thrust Fault: M 7.2, R 5.1
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VERTICAL ACCELERATION SPECTRA
Strike-Slip Fault: M - 7.2, R - 4.9

D . 4.0

5% Damped PSA (g)
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Random Effects
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VERTICAL ACCELERATION SPECTRA
Strike-Slip Fault: M - 7.2, R - 4.9

D ~ 4.0

5% Damped PSA (g)
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VERTICAL ACCELERATION SPECTRA
Reverse-Oblique Fault: M - 7.2,.R - 4.7

D ~ 4.0

5% Damped PSA (g)
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Random Effects
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VERTICAL ACCELERATION SPECTRA
Reverse-Oblique Fault: M ~ 7.2, R - 4.7
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VERTICAL ACCELERATION SPECTRA
Thrust Fault: M 7.2, R 5.1
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VERTICAL ACCELERATION SPECTRA
Thrust Fault: M 7.2, R 5.1
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DEPARTMENT OF GEOLOGICALSCIENCES

Tazmom: (213) 7404106
FAX (213) 7404801

July 30, 1991

Dr. Jean Savy
Mail Stop L-196
Lawrence Livermore Laboratory
P. 0, Box 808
Livermoie, CA 94550

Dear Jean:

The purpose of the present letter is to modify the content ofmy letter mailed to you
on September 10, 1990 with regard to the Diablo Canyon Long Term Seismic Program
ground-motion evaluations. The modification has become necessary because the P.G.&E
told me that Fig. 4.11 ofFinal Report was mislabeled.

The curve labeled as Imperial Valley aftershock in the original Fig. 4.11 showed a
significantly lower (by about a factor of2) amplitude in the frequency range higher than 5
Hz than other events including those at the Diablo Canyon site. I interpreted this difference
to the local site effect, because I thought that soft sediments in Imperial Valley may
attenuate waves ofhigher frequencies more strongly than rock sites.

According to P.G.&E, the above labeling of the curve was incorrect. The curve
originally labeled as Imperial Valley is for the Diablo Canyon site, and the curve originally
labeled as DCPP is for Imperial Valley aftershock. This change, in fact, is in harmony
with the recent results on sire amplification factors determined for many stations in central
and southern California including the Imperial Valley. We found (e.g. Su ~ g., EOS, 71,
1475, 1990, see Fig. 8 in the attached review paper by Aki and Irikura (1991), to be
published in the Proc. of 4th International Conference on Seismic Zonation, August 25-29,
1991) that the weak-motion amplification factor is grater for younger sediments than older
rocks even at 12 Hz. This observation is well established for central and southern
California including the Imperial Valley. In other words, even at frequencies as high as 12
Hz, the amplification due to lower impedance dominates over the attenuation'due to higher
absorption at sediment sites relative to rock sites. I can, therefore, readily accept the'="

statement of P.G.&E. that Fig. 4.11 was mislabeled.

The above change eliminates my earlier concern expressed in my September 10,
1990 letter that the use of Imperial Valley event as the empirical source-function might have
caused underestimation of the ground motion at the Diablo Canyon site by about a factor of
2 at frequencies higher than 5 Hz.

Sincerely yours,

KeiitiAki

KA:st
Enclosure
cc: R. L. Rothman

UNIVERSITYOF SOUTHERN CALIFORNIA,UNIVERSITYPARK. LOS ANGELES, CAUFORNIA 90089-0740
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CHARACTERIZATIONAND MAPPING OF QUAKESHAKINGFOR
SEISMIC ZONATI

KeiitiAkiland KojiroIrilomll

ABSTRACT

This is a review of the current state of the art in charat~zation and mapping
ofearthquake shaking for seismic zonation. We start with the characterization
of ground motion and describe recent advances and unresolved issues in the
followingareas: (1) deterministic kinematic source models, (2) stochastic

source models, (3) limitation of the ~uared model, (4) strong motion
prediction for a large earthquake using observed seismograms of small earth-
quakes, (5) empirical attenuation relationships for various regions, (6) effects
of local geology using broad classification of site conditions, (7) applicability
ofweak-motion amplification factor to strong motion, (8) non-linearity of
site response, (9) relation between site-specific weak-motion amplification factor
and intensity, and (10) numerical simulation of ground motion time histoty. We
then review the current status of the data base, mapping of ground motion and
intensity for microzonation in both U.S. and Japan, and propose future
directions of research and its implementation based on the current statecf-the-art
in ground motion characterization.

A. CFGQtACTERIZATIONOF EAR'ICEQUAKEGROUND MOTION

The ground motion caused by an earthquake can be expressed as a space-time
convolution of the slip function on the fault with Green's function which represents the
earth's medium response (e.g., Akiand Richards, 1980). This mathematical framework
has been used extensively fordetermining the -time slip distribution on a fault plane
from the observed seismograms using Green's ctions,calculated for realistic models of
the earth (e.g., Kikuchiand Kananmri, 1982; Ruffand Kananioii, 1983; Archuleta; 1984;
Hartzell and Heaton, 1985, 1986; Takeo, 1987; Kikuchi and Fukao, 1987; Fukuyama and
Irilcura, 1988; Beroza and Spudich, 1988; Iwata and Irikura, 1989; Hartzell and Iida, 1990;
Gariel ~., 1991).

The data used in the above inversion studies came Gum a variety of souices
including teleseismic body waves and surface waves recorded by observatory
seismographs and near-source velocities and displacements recorded by strong motion
seismographs. The Qequency range covered in the inversion is usually lower than 1 Hz
although some of the recent studies mentioned above attempted to extend the frequency
range to a few Hz. The difficultyof determitiistic modeling for high frequency waves is

due to the increased details and complexities ofearth structure affecang Green's function
with the increasing frequency.

~W. M. Keck Foundation Professor of Geological Sciences, Department of Geological
Sciences, University ofSouthern California, Los Angeles, CA 900894740

IlProfessor, Disaster Prevention Research Institute, Kyoto University, Uji, Kyoto, 611,

Japan
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Despite the limited frequency window, the above inversion studies have brought
out spatial and temporal behaviors ofearthquake faults which are rich in complexity and
heterogeneity. The part of the fault plane with large slip was called "asperity" by Lay and
Kanamori (1981), who studied the relation between the asperity distribution and the
tectonic setting for circum-Pacific subduction zones. They classified the subduction zones
into several types according to the size of asperities, Rom the Chile-type with the largest
asperity, to the Mariana type where major asperities are absent.

Hartzell and Heaton (1985) also examined source time functions of the 63 largest
shallow earthquakes from circum-Pacific. subduction zones in the period range from 2.5 to
50 sec., and found that some of the properties of source function such as roughness and
multiplicityappear to be characteristic of each subduction zone.

The significance of the asperity distribution estimated from low-Bequency motion
to the generation ofhigh-frequency motion relevant to authquake engineering application is
not straightforward. For example, according to the numerical simulation ofspontaneous
rupture propagation over a heterogeneous fault by Das and Aki(1977), a smooth fault
which generates large slip (i.e. asperity) tends to be relatively deficient ofhigh-frequency
excitation than a rough fault. In fact, in the case of the Izu-Hanto-Toh+Qki earthquake of
1980, the area of large slip determined by Takeo (1987) &om records of the displacement
meters did not coincide with the region ofhigh slip velocity obtained by Iwata and Irikura
(1989) using the near-source accelerograms by tomographic imaging.

Another issue with the engineering application ofasperity is their repeatability in
earthquakes recurring Qom a given fault segment. Itwilltake a long time to answer this
question because of the long recurrence interval for any earthquake associated with a
particular fault segment.. In the meantime, the statistical aspects ofasperity pattern
characteristic to a seismic region may be included in the probabilistic seismic hazard
analysis as discussed later.

As mentioned above, the deterministic modeling is limited in the applicable
frequency range. To overcome this limitation, two lines ofresearch have been pursued in
strong motion seismology. One is the introduction of stochastic element in the source
model thereby reducing the number ofparameters describing details of the source, and the
other is the use of the records of small earthquakes sharing similar propagation paths as the
target earthquake in place ofGreen's function.

A stochastic source model called "m-squared model" proposed by Hanks and
McGuire (1981) has gained broad support from the seismological community as a means to
predict the amplitude spectra or peak values of strong ground motion forpractical
engineering applications. In this model, earthquake accelerations are considered to be
band-limited random noise in the band between the corner frequency f~ and the highwut
frequency f~, and the spectral shape is given by the Brune (1970, 1971) spectrum, ...

specified by the seismic moment Mo and the stress parameter ha ..Acr is related to the
corner Qequency by ~ &4j), t ~

4=4.9 x 10 P(ha/Mo) >
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where p is shear wave velocity in km/s, and 4a is in bar, and Mo is in dyne cm. The

physical meaning ofha has become somewhat unclear by the stochastic extension of the
original Brune model. For engineering application, however, we may accept the above

equation as a definition ofb,cr in terms of seismic moment and corner frequency,
followingBoore and Atkinson (1987) who stated "this parameter is known by several
names; we prefer to refer to it simply as the stress parameter and thereby not attach any
physical significance in terms of fault models".

Since Joyner and Boore (1988) made an extensive review of the development and

application of the m-squared model in the context of alternative models, we shall focus here
on regional and tectonic dependence of the model parameters and the limitation in the

frequency and magnitude range of its applicability. Let us first consider the tegional

variation of the stress parameter b,a and its dependence on magnitude, fault type, focal

depth, etc. Originally, Haiiks and McGuire (1981) found that a constant he of about 100
bar can explain the root mean squared and peak acceleration ofall California earthquakes

within a factor of2. Later, Boore (1986) revised the estimate ofha at 50 bar by taking
into account the average amplification factor at the site of strong motion seismograph.

AcconHng to Boom and Atkinson (1987, 1989), the stress parameter for
earthquakes in the eastern U.S. is also constantly independent ofmagnitude, and at about
100 bar, twice as high as that in the western U.S.. Somnmrville ~ (1987) also support
the constant stress parameter independent ofmagriitude. On the other hand, Nuttli (1983)
and Nuttli~. (1987) proposed the stress parameter which increases with magnitude.
Recent works by Chael (1987) and Chun ~ (1989) also support the magnitude
dependent stress parameter. In any case the absolute level of stress parameter estimated by
Nuttli~ (1987) ranges Rom 60 bar for M=5 to 160 bar for M~7, which are not too far
Rom 100 bar obtained by Boore and Atkinson (1987).

The applicability of the m-squared model to strong ground motion Qom earthquakes
in Japan has been confirmed by Irikura (1983, 1986) and Takeinura and Ikeura (1988) for
M~<7

Possible effects offault type, focal depth and repeat time on the stress parameter
were also carefully reviewed by Joyner and Boore (1988). The difficultyin separating
various factors affecting the strong ground motion prevented definitive conclusions on their
effects. No new study since 1988 seems to give more definitive conclusions,

Another parameter of the m-squared model, flax, shows a suong regional
variation. According to Atkinson and Boom (1990), flax at rock sites is always higher
than about 40 Hz in the eastern U.S. as compared to 10 to 15 Hz in the western U.S..
Hanks (1982), Anderson and Hough (1984) and others found that fitiaxdepends on the
geologic condition of the recording site. On the other hand, Akiand Papageorgiou (1989)
found the flax effect zemained after eliminating the site effect Qom the acceleration
spectrum. More decently, Kinoshita (1990, 1991) found that flax observed at the bottom
ofdeep boreholes (about 3km) in bedrock in central Japan showed strong vari uion
depending on the location of the earthquake source. flax varied Rom lower than 10 Hz to
higher than 30 Hz, depending on the plate-tectonic setting of the seismic source.. (flax is
less than 10 Hz for intraplate shallow earthquakes in Izu and Yamanashi, as well as for
those occurring at depth around 70 km where the Pacific plate touches the'Philippine sea

plate, while it is higher than 30 Hz for shallow subduction zone earthquakes, and 10 to 20
st
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Hz for earthquakes deeper than about 100 km.) Thus,
source effects influence f

etc d

A weak but significant increase off~with decreasing magnitude was observed by
Papageorgiou and Aki (1983) for California earthquakes and by Irikura and Yokoi (1984)
and Umeda ~ (1984) for Japanese eanhquakes, rendering another support for the source
effect on f~.

Thus, the issue off~ is not whether it is categorically due to site effect or source
effect but what their contributions are for individual cases.

The most fundamental limitation of the e-squared model comes from its failure to
explain the observed seismic spectrum for the whole seismic frequency range. For

example, as shown by Boore (1986), the m-squared model with the stress paraneter
adequate for explaining the strong motion data cannot explain the observed Ms-moment

relation. In fact, the m-squared model proposed by Aki(1967) to explain the observed
spectral ratios for the period range longer than 1 sec had the stress parntM:ter ofonly 0.5

~ bar, a hundred times less than that tequired to explain strong ground motion data. Amore
recent global compilation ofempirical relations among various mgp6tude scales by Gusev
(1983) also indicates a low stxess parameter of about 7 bar which conesponds to the lower
one ofhis two corner frequencies. Both Aki(1967) and Gusev (1983) explain the

observed Ms-moment relation better than the m-squared model as shown by Boare (1986)
and Papageorgiou (1988). In view of the recent interest in long pexiod motion in the

Earthquake Engineering community, the failure of the co-squazed model in explaining
observed Ms, which is related to seismic motions at period 20 seconds, may be a serious

problem. A similar departure of observed spectrum from the co-squared model for a broad
frequency range has been presented also for the intraplate earthquakes in Japan by Umeda
(1981), and for the subduction zone earthquakes in Japan by Izutani (1984). For the same
reason, Papageorgiou and Aki(1983) distinguished two stress drops in their specific
barrier model of heterogeneous earthquake fault, the local stress drop for high frequency
excitation, and the global stress drop for low frequency excitation. A tecent summary of
source parameters for California earthquakes in terms of the specific.bamer model can be
found in Chin and Aki(1991), who applied the model to the Lorna Prieta earthquake of
1989. j

A similar Cepartuze &om the m-squared model was tecogtuzed for the subduction

zone earthquakes in Mexico by Singh ~ (1990), who found that the e-squared model is
inadequate to explain the observed source spectn in a broad frequency range; they resemble
spectra given by Gusev (1985) with some difference.

On the other hand, Houston and Kanamori (1986) concluded a, broad applicability

of the m-squared model with a constant stress parameter of 30 bar using the short-period=

records ofP waves from earthquakes with M Rom 6.5 to 9.5 at teleseismic'distances.

The same data were also analyzed by Boore (1986), who concluded that the oP model with
the stress parameter 50 bars explain observed amplitude within a factor of2 to 3 for
magnitudes up to 9.5, although we recognize a systematic departure from the observed Ms
- moment relation forM> 7.
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Another limitationof the m-squazed model is the simple assumption used to account
for the propagation path effect by the followingexpression:

Wxp(~~)
t3Qw (2)

wheN fis frequency, Q{f)is the quality factor (Q={2h) <, h being the damping constant)
and R is a properly chosen distance between the earthquake source and recording site. The
above formula implies that the earthquake source is effectively a point in space, and the
amplitude ofseismic waves attenuate with distance as ifthey were in a homogeneous
unbounded medium.

The effccts of fault rupture propagation (a departuze Qom the point source
assumption) on high-frequency radiation relevant to strong motion seismology has been
demonstrated obsezvationally by Boatwzight and Boore (1982), and theoretically by Booze
and Joyner (1978), Koyama {1985) and Koyama and Izutani {1990). 'H6s dizectivity effcct
as well as the effect of aspezities discussed earlier are not included explicitlyin the m-

squared model, although some attempts have been made to modify thc m-squazed model to
incorporate the effect ofdizectivity (Booze and Joyner, 1989, Koyama and Izutani, 1990).
These and other effects of spatial-temporal pattern ofslip function as well as thc
propagation path effects of more realistic crustal structuzes, however, can be included
directly in the deterministic kinematic modeling described earlier. Furdermoze, the long-
period range, in which the m-squazed model has difficulty,is easier to work with using
deterministic modeling.

Thus, it is natural to look for effective hybrid approaches combining the
deterministic and stochastic modeling. One approach may be to start with thc m-squared
model and distribute them in space and time to simulate a complex zuptuze process for a
large earthquake. This approach may be able to include soae of thc effect missing in a

single source of thc m-squared model, but willnot bc able to produce long-period motion
accurately. Another approach may be to start with a simplified detczzninistic model and
introduce random variations for some model parameters such as ruptuze;.speed, amount of
slip, rise time, etc. This approach requires a new statistical characterizati'on of source
process which must be validated through comparison with observation as'ell as by a
sound physical basis.

A promising approach toward developing an effectiv hybrid method is the use of
obscrvcd seismograms of small earthquakes for predicting seismic motions for a large
earthquake, sometimes called the empirical Green's function method. Ms method was
originated by Hartzell (1978), and has become popular among many seismologists

as'eviewedby Joyncr and Boore (1988).
N ~ I ~ ~ g ~ ~ ~ ~

The advantage of this method is not only to exploit the cotzzzaon popagatiyn path
and local site effects shared by subevents and the target earthquake, but also the possibility
to introduce randomness forhigh frequency ~aves while keeping the cohczent dctczzzMinistic
property for low frequency waves. Joyner 'and Boom (1986, 1988) describes a method for
summing subevcnts in order to meet the condition for moment at the low frequency end and
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the asymptotic decay at the high frequency end, but recognizes the deficiency in the
intermediate hequency range.
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FIGURE I. An example of synthetic velocity seismogram using the empirical
Green's function method based on equation (3). The record of
subevent (M=4.6), the synthetic and observed record of the target
earthquake (M&.7)are shown at the top, middle and bottom, „.,
respectively. The Fourier spectra of synthetic and observed
records are compared on the right. The recording site is on rock.

Here, we shall describe a procedure &om Irikura and Aki(1985) for constructing a

seismogram for a large earthquake by summing subevent seismograms, following the m-

squared scaling law with a constant stress parameter.

Lct the moment of the target earthquake be N3 times that of the subevent. We
divide the fault plane into NxN elements. The seismogram A(t) for the target'earthquake is
expressed in terms of the seismogram a(t) of the subevent as follows:

Na

A(t) = g (r/rg F;(t) ~ a(t),
i~1
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FIGURE 2. An example of synthetic acceleration seismogram using the empirical Green's
function method based on equation (3). The record of subevent (M=4.6), the
synthetic and observed record of the target earthquake (M&.7)ari shown at
the top, middle and bottom, respectively. The Fourier spectra of synthetic
and observed records are compared on the right. The recording site is on
rock.
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where r is the hypocentral distance Rom the observation point to the subevent, rL is the

distance from the observation point to the ith fault element, $ 1 is the distance Qom the

rupture nucleation point to the ith fault element, vR is the rupture speed, y is the velocity of
seismic waves under consideration, c is the rise time of the target earthquake," n's an

appropriate integer to eliminate spurious periodicity (IrBmra, 1983);and ~ represents the
convolution. The above formula willsum the low frequency end of the spectrum
coherently to N3 times that of the subevent, assuring the correct moment. The high
frequency end, on the other hand, willbe summed incoherently and become propoitional to
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the square root of the number N of summation. Thus, the amplitude of the high frequency
end willbe proportional to the cube root of that at the low frequency end, meeting the

condition for the m-squared scaling law. Unlike the procedure ofJoyner and Boom
(1986), this procedure does not introduce any deficiency in the intermediate Qequency
range. The time-domain filterF<(t) described in tile above equation is equivalent to the
frequency4omain filterused by Boatwright (1988) for the same purpose. Physically, the
filtermimics a case of rupture process over a heterogeneous fault simulated by Das and Aki
(1977), in which a barrier on the fault plane eventually breaks slowly after momentarily
stopping the rupture.

Figure 1 and Figure 2 show examples of synthetic ground velocity and acceleration,
respectively, calculated by the above method (equation (3)) assuming that both the target

earthquake and the subevent obey the m-squared modeL The target earthquake is the Izu-
Hanto-Toh~ki earthquake (M=6.7) of 1980, and the subevent is an aftershock with
M&.6. The actual records of the subevent and the target earthquake are shown at the top
and bottom ofeach figure, respectively. The Fourier spectra of synthetic and observed
records of the target earthquake are shown at the right side ofeach figure. Both waveforms
and spectra show a very good agreement between the synthetic and observed records.

There have been numerous empirical formulas published on the dependence of
ground motion parameters on distance from the earthquake source and eartliquake
magnitude. An extensive inMepth review was given by Joyner and Boore (1988) on the
formulas forpeak ground motions and response spectra. For the western United States,
they found that more recent formulas show good agreement among themselves except for
the magnitude and distance ranges where the data are scanty.

Figure 3, reproduced from Joyner and Boom (1988), compares different
relationships for peak horizontal acceleration at magnitude 6.5 (a) and 75 (b). DB, buxom

Donovan and Bornstein (1978), I, fxom Idriss (1987) for deep soil sites; JB, hem Joyner
and Boore (1982), axiuced by 13% so as to approximate the value for the randomly
oriented horizontal component; C, the constrained relationship ofCampbell (1987) for a
strike-slip earthquake recorded at a Bee-field site with soil more than 10m deep and no
allowance made fordirectivity. The distance plotted is the closest distance to the vertical
projection of the rupture on the surface of the earth. The curves ofDonovan and Bornstein
and those of Campbell are adjusted assuming a source depth of5 km. Figure 3a shows
that for M&3the different relationships agree to within a &action of the uncertainty of an
individual pmdiction as given by any of the authors, suggesting that the short&stance
prediction at M&.5are controlled by the data. For M=7.5, the agreement at short
distances, where it matters most, is not as good as at M&.5,reflecting the scarcity of data
points.

With regard to the pseudo velocity response, Joyner and Boom (1988) found that
the differences among several recently published curves are somewhat larger than forpeak
horizontal acceleration. They emphasize, however, that all of the curves ofpseudo velocity
response spectrum at 1 Hz for 5% damping reviewed by them giv'e higher values,

by'actorsof 1.5 to 3 than the highest value of the ATC-3 spectrum for firmground at sh'ort

distances.

Recent development of ground motion relationships for the eastern Unite'd States

was reviewed by Atkinson and Boore (1990). Recent trends in the comparative study of
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eastern versus western U.S. appear to deemphasize th: difference found by Nuttli (1981)
with regard to the scaling hw of the source spectra and the hequency dependent Q(f)
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FIGURE 3. Empirical attenuation relations for horizontal peak accelerations due to
earthquakes with M=6.5 and M=7.5 in the western U.S. reproduced
Rom Joyner and Boore (1988). DB stands forDonovan and Bornstein
(1978), I for Idriss (1987), JB for Joyner and Booze (1982), and C for
Campbell (1987).

defined in equation (2). Atkinson and Boote (1990), however, still find significant
difference between eastern and western U.S. in the value offrlxas mentioned earlier, and
in the attenuation with distance. A comparison ofpseudovelocity tesponse for eastern
U.S. with western U.S. at frequencies 0.1, 1, 5 and 20 Hz is reproduced in Figure 4 from
Atkinson and Boore (1990). The difference is negligible at 02 Hz, but the attenuation is
significantly slower forEUS than WUS at higher Gequencies,"and'amplitude is
considerably higher forEUS than WUS at all distances for20 Hz.

4

The study ofempirical attenuation relationships for Japan has been sumtrutrized in a
data book published by the Architectural Institute ofJapan in 1987, which lists about 20
empirical formulas forpeak ground motions and response spectra applicable to Japanese
earthquakes. The range of Japanese representative attenuation relationships deviates
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FIGURE 4. Empirical attenuation relations for pseudovelocity response spectra at 0.2,
1.0, 5.0 and 20 Hz reproduced from Atkinson and Boore (1990). Thick
curves are for the eastern U.S. and thin ones are for the western U.S.
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significantly from that for U.S., as shown in Figure 5 reproduced Rom Fukushima and
Tanaka (1990), who attributed the discrepancy to the difference in the procedure for data
analysis. They concluded that Japanese old results were biased due to the strong
correlation between magnitude and distances in their data set, and applied the two-stage
method (Joyner and Boote, 1981, 1982) to avoid the bias. The new result for JaPan is
very close to that for the U.S., shown by thick line in Figure 5. A part of the curve at
distances shorter than about 20km, however, is constrained not by Japanese data but by the
data Rom California, because of the lack ofdata &om Japan.

Joyner and Boore (1988) compared the attenuation relations forpeak horizontal
acceleration and velocity between Italy (Sabetta and Pugliese (1987)) and western U.S. and
found that for distances less than 100km the agreement is within a &action of the standard
deviation ofan individual prediction for either study.

The attenuation relations for Mexico have attracted the attention ofmany researchers
(Anderson ~ (1986), Bard ~ (1988), Ordaz and Singh (1991) among others) because
of the severe damage in Mexico city during the Michoacan earthquake of 1985. Figure 6,
reproduced from Qrdaz and Singh, shows the spectral amplitude plotted as a function of
distance up to 400km for frequencies from 0.2 to 5.0 Hz. The stations at the coastal sites
(open circle) are distinguished from those inland. Inland sites are marked by solid circles
for distances up to 200 km, and by triangles for distances beyond 200 km. Triangles with
letter T, with letter C and without any letter indicate sites in Tmmico, Cuernavaca and
hillsites in Mexico city, respectively. It is clear &om the figure that no systematic
difference exists between inland and coastal sites for distances up to 200 km, while inland
.sites show greater amplitude than coastal sites at all frequencies, except for 5 Hz, for
distances between 200 and 400 km. These large differences ate not due to the amplification
effect of the soft lake sediamnts in Mexico city, because those sites on the lake sediment are

not included in these figures. This large amplitude may be due to the interaction between
incident waves and deep sediments as discussed by Bard ~. (1988) and Kawase and Aki
(1989).

The ground shaking and the associated damage on engineered structures can be
strongly influenced by geology and topography in their vicinities, and any attempt at
seismic zonation must take into account the local site conditions. However, the
characterization of ground shaking in terms of local site conditions is not an easy task
because of the diverse geologic materials and irregularly shaped earth structutes formed by
weathering, erosion, deposition and other geological processes near the surface of the
earth. Let us first review the results obtained by the broad ciassification of site conditions
into soil and rock sites.

Remarkably consistent results have emerged, Smm empirical studies of strong
ground motion data based on the broad classification of site conditions, about the local site
effect on peak ground acceleration, peak ground velocity, response spectra and other
ground motion parameters from the works both in Japan (Hayashi ~. (197-1);
Kuribayashi et al. (1972); Katayama et al. (1978); Kawashima et aL (1986); among others)
and in U.S. (Seed et al..(1976); Mohraz (1976); Trifunac (1976a, b); Boore et aL (1980);
Joyner and Boore (1981); among others). Aki (1988) stunmarized these results in the
followingobservations: The site amplification factor on response spectra depends on the
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&cquency of ground motion. Soil sites show higher amplification than rock sites by a
factor of 2 to 3 for periods longer than about 0.2 seconds, while the relation is reversed for

/aO 4 IIL JC f~iei+i /al ~ III, JO C~~

~ %4
.9.yg: ~

4".ts «Q 4.c4--"

~ W Ice IW W W
Jeeeease /IIII

~ H W gN W W W W
Oeaaaes l>+4

/MI JIL M CerWy~ htO A, &tewesaaos

0 '.":~

~ rrrr ~ ~ ~ ~

I

~'~ « ~ ~ ~ I

8:
~ r

~ 4

r«rj
i

~ rr

~gQ
~ ~

4 ~ ~

'h
4I ~ ~,

IOI IM W W W W
ANsase IIIII

~ ~ W Sa W W
Aaleae /le

FIGURE 6. Attenuation relations observed for the Mchoacan earthquake of 1985
zepzoduced Rom Ordaz and Singh (1991). Open circles indicate stations
at the coastal sites, while inland sites aze marked by solid circles for
distances up ro 200 km, and by triangles beyond 200 km. Letter T and
C refer to Teacalco and Cueznavaca, respectively. Triangles without
letters indicate hill sites in Mexico City.

periods shorter than about 0,2 seconds. IMs frequency dependence is zefiectcd in thc site
dependence ofpeak ground motions. Peak ground velocity and displacement as well as the
Arias intensity show higher amplifications for soil sites than rock sites, while peak ground
acceleration is roughly independent of the site classification.

Thc relative independence ofpeak ground acceleration on whether the zecozding site
is on rocks or soils was again confirmed for the epicentz31 azea of the Lorna Piieta.
earthquake of 1989 (Booze ~., 1989). For epicentral distances greater than about 50
km, however, peak acceleration was stzangly infiuenced by surface geology, lowest
acceleration on rock sites, intermediate on alluvium sites and highest on artificialfilland
bay mud. According to EERI (1990), the observed differences in harizontal acceleration
between sites on hard rock, bay mud, and artificial fillwere 100% to 200% in the San
Fra-:isco and Oakland areas.
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What is the reason for this difference in site ~ ct between inside the epicentral area

md outside~ The answer to this question requires a systematic study of the earthquake

m~e, pmagM onpehmdl~slmdr~ontheob~edst ng g mmouon. For

example. an anomalously strong reflection from the Moho discontinuity can cause high

amplitude at epicentral distances axound 100 km (Sommerville and Yoshimura, 1990), and

combined effects of source directivity and radiation pattern may caiise azimuthal variation in

ground motion (Joyner and Boote, 1988). Another possibility is the non-linear
amplification effect as soil sites, which willmake the differenc in amplification between

soil and rock sites to dimuiish with the increase in ground shaicing (Idriss, 1990).

In order to findwhat the correct answer is, let us Qrst xeview the xecent tesults on

the amplification factor forweak motions, and compare their dependence on site conditions

with that for strong motions. Recently, Su ~ (1990) extended the work ofPhillips and

Aki(1986) to a greater amount ofbetter calibrated data Gem the USGS Central California

network, and calculated the site amplification factors forcoda waves. The similarity of
coda amplification factor to that ofdirect S waves has been confiraml since Tsujiuta

(1978), who showed that the logarithmic average ofamplification facux forS waves over

various directions ofwave approach is very close to the amplification factor forcoda

waves. The applicabiTity of the coda amplification factor to the peak gtaund motion is

verified by the compatison with the station residual formagnitude recently determined by
Eaton (1990) for the same netwodc. Figure 7 shows the coda amplification heter A
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Phillips and Aki(1986).
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relative to the logarithmic mean for A over all stations plotted against the station residual for
magnitude based on the peak amplitude measurement. The least squares fitfor several
frequency bands shows that the coda amplification factor scales approximately linearly
with the site amplification factor for the peak amplitude. The conelation is highest at 3 to 6
Hz, implying that the predominant frequencies ofpeak motions used for magnitude
measurements lie in this frequency range. The coda amplification factor appears to vary
slightly faster than the linear scaling at 1.5 Hz, and slower at 12 Hz relative to the peak
amplitude.

In order to find.the relation between the coda amplification factor and the site
condition, the surface geology of the station site was classified into 5 geologic ages,
namely, (1) Quaternary, (2) Pliocene, (3) Miocene to Cretaceous sediments, (4) Franciscan
formation and Mesozoic granitic rocks, and (5) Pre-Cretaceous metamorphic rocks. The
site amplification factors for stations in each group are logarithmically averaged and plotted
in Figure 8 against the median age, together with the standani enors of individual
measurements and that of their mean. Figure 8 shows a temarkably smooth power law
relation between the amplification factor (relative to the logarithmic mean over all stations)
and the age of the site geologic formation. The amplification factor varies mote strongly
with the age at lower frequencies, proportional to (age)o > at 1.5 Hz and (age)o~ at 12

~ Hz. The relation between the age and amplification factor is very significant on the average
as indicated by the small standard error (10-15') ofmean shown in Figure 8, but the
standard error is large (about a factor of 1.6) with regard to the individual measurement.

The above Qequency dependence is similar to that obtained from strong motion data
in that the site effect is stronger for lower &equencies. Itdoes not, however, show the
reversal at'the cross-over hequency at about 5 Hz as the analysis of strong motion data
consistently showed. As shown in Figure 8, the younger sediment site shows higher
amplification than the older rock site at all frequencies up to 12 Hz. When Aki(1988)
reviewed the result of Phillips and Aki(1986), he recognized the frequency dependent
reversal in the coda amplification factor between the granite site and the fault-zone sediment
site, although not between the Franciscan rock site and the non-fault-zone sediment site,
and attributed the reversal to the domination of absorption effect over low impedance effect
at hequencies higher than 5 Hz. With the incteased number ofbetter calibrated stations
(from 35 in Phillips and Aki(1986) to 133), however, the reversal is eliminated as an
average effect on weak motion. We now conclude that the amplification due to low
impedance ofyounger sediments still dominates over the deamplification due to high
absorption at least up to 12 Hz on the average forcentral California, as far as the weak-
motion is concerned.

Ifthe weak motion amplification factor applies to the strong motion, we should
observe higher peak acceleration for soil sites than rock sites because peak accelerations in
most strong motion records are associated with frequencies lower than 12 Hz. As
mentioned earlier, strong motion peak acceleration does not show such a systematic site
dependence.

CI i if~ >C I" ~ '

~ ~ W 0
~ < ~

The effect of a soft, low impedance, surface layer on seismic motion has been well
recognized in Japan since the early 1930's through pioneering observational soidies by
Ishimoto and theoretical studies by Sezawa Takahashi and Hirano (1941) was probably
the first to interpret the observed difference in actual earthquake tecords at different sites
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1971, and concluded that Gutenberg's prediction did not apply to the strong ground
motion. We shall come back to this discrepancy later in the present section. Amore
systematic comparison of site effects on weak motion and strong motion was made by
Borcherdt (1970) who studied seismic signals recorded in the San Francisco Bay area Rom
the underground explosions in the Nevada Test Site. He measured the amplification factor
in the frequency range 0.5 to 2.5 Hz, and found that it correlates very well with the site
dependent part of intensity variation during the 1906 San Francisco earthquake as well as

the amplification factor observed during the 1957 San Francisco earthquake. His work
was used in the predictive intensity mapping for seismic zonation by Evernden ~. (1981,
1985), as discussed later. Records of strong ground motions obtained in the San Francisco
Bay area during the Lorna Prieta earthquake of 1989, in general, supports the applicability
ofweak-motion amplification factor to strong motion in this particular area (Borcherdt,
1990).

A similar study was extended to the Los Angeles basin by Rogers ~. (1984,
1985) who recorded NTS signals at 28 sites at which strong ground motions were also
recorded during the 1971 San Fernando earthquake. They also found that the amplification
factor shows a good conelation between the weak motion (NTS) and stxong motion (San
Fernando) data for the frequency range &om 0.1 to 5 Hz..

A similar agreement of the amplification factor between weak and strong motion
was observed by Tucker and King (1984) for a sediment-filled valley in Garm, USSR.
They could not find any significant difference in the spectral ratio of the edge to the middle
of the valley between weak (10->-10 >g) and strong (.044.2g) acceleration in the frequency
range 0 to 50 Hz..

The most spectacular demonstration of the applicability of linear theory is the case
of Mexico City during the Michoacan earthquake of 1985. According to Singh ~.
(1988), the ground motion at the lake bed is amplified 8-50 times relative to the hill-zone
site with very little evidence for non-linearity up to the strain as much as 0.2%. The
linearity of the lake bed is also supported by the approximate equivalence ofpredominant
period between microtremor and strong motion (Kobayashi and Midorikawa, 1986). The
study ofLiege, Belgium earthquake (M=4.9) of 1983 by Jongmans and Campillo (1990)
also supports the applicability of linear theory to the strong motion site amplification. The
study of the Coalinga earthquake by Jarpe ~. (1988), however, gave a mixed result.
The amplification factors for Qequencies lower than 10 Hz were the same for weak and
strong motions up to 0.7 g, but those for frequencies above 10 Hz are significantly reduced
for the strong motion as compatml to the weak motion. Other mixed results were reported
by Jarpe ~. (1989) shoitly after the Lorna Prieta earthquake. They computed spectral
ratios of strong- and weak-motion recordings for two pairs of rock and soil sites, one near
the Lawrence Livermore National Laboratory, and the other in Treasure Island (fill)and
Yerba Buena Island (rock) in San Francisco near the Bay Bridge. For the first pair, the
weak motion spectral ratios agree with the strong motion amplification for frequencies 3 to
12 Hz, while for the second pair, the strong-motion spectral ratio is much lower than the
weak motion spectral ratio for frequencies 1 to 7 Hz.

'I

The difficultyfor seismologists to demonstrate the non-linear site effect as
been'ue,

as Esteva (1977) stated, to the effect being overshadowed by the overall patterns of
shock generation and propagation. In other wonh, the seismological detection of the non-
linear site effect requires a simultaneous understanding ofeffects ofearthquake source,
propagation path and local geological site conditions.
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The Lorna Prieta earthquake of 1989 presents the first case in which such a
simultaneous understanding may be achieved because ofnumerous works curtently in
progress on various aspects of the strong ground motion during the earthquake. We shall
describe in some detail the preliminary result obtained by Chin and Aki(1991), who found
a pervasive non-linear site effect at sediment sites in the cpiccntral area by the simultaneous
consideration of the above three effects.

Chin and Aki (1991) estimated the weak motion amplification factor at each site of
the strong motion seismographs operated by the California Division of Mines and Geology
(CDMG) from thc coda amplification factor determined by Phillips and Aki (1986) and Su~. (1990) using the USGS Central California Network data as mentioned earlier. The
estimated site amplification factor was used to eliminate the site effect from the Fourier
amplitude spectra of observed accelerograms of the Lorna Prieta earthquake. The
propagation path effect was examined first by calculating synthetic seismograms for point
dislocation sources in an 11-layer crustal model simulating the seismic motion from the
Lorna Prieta earthquake toward San Francisco at various distances to confirm the
approximate validity of the 1/R law of geometrical spreading to this case. Then, they
proceeded to determine the attenuation factor Q >(f) and the source spectrum S(f) for the
frequency range from f=l to 25 Hz. The source spectrum was interpreted in terms of the
specific barrier model of Papageorgiou and Aki (1983a,b), and it was found that both
source and attenuation parameters fitnicely with those obtained earlier from the data on
other major California canhquakes.

Chin and Aki (1991), then synthesized time history of ground acceleration at each
CDMG station by applying the method of Boore (1983) to the source, path and site
parameters determined above. Examples of synthetic and observed accelcrograms are
shown in Figure 9. The agreement between the synthetic and observed accelerograms was
good for duration and spectral content, but a strong systematic discrepancy was found for
the absolute value of acceleration. For cpiccntral distances less than 50 km, the predicted
peak acceleration considerably overestimates that observed for sediment sites and
underestimates it for the Franciscan formation site as shown in Figure 10. It appears that
the strong difference in thc amplification factor between thc Franciscan and the sediment
observed for weak motion disappears at acceleration levels higher than about 0. 1-0.3g.
Take, for example, Capitola and Santa Cruz, the two stations closely located in the
epicentral area. The amplification factor estimated by the coda method is 2 to 5 times
higher at Capitola (Pleistocene sediment) than Santa Cruz (Prc-Cretaceous metasedimentary
rock) in the frequency range from 1.5 to 25 Hz. On the other hand, the horizontal mean
peak acceleration during the Lorna Prieta earthquake is nearly the same (about 0.4g) at both
sites despite the fact that Capitola is closer to the hypocenter. Interestingly, during the
Morgan Hillearthquake of 1984, the peak value was 0.15g at Capitola and 0.07g at Santa
Cruz; thc relative amplification is intermediate between the weak motion and the Lorna
Prieta case.

Since the above apparently non-linear effect shows up at all stations on sediment
sites within about 50 km from the epicenter (Gilroy 03, Saratoga, Corralitos, Agnew,
Hollister, Capitola, Salinas and Watsonville as shown in Figures 10 and 12) it is unlikely
that the effect is due to the radiation pattern, near-source structure, or topography.

The above discrepancy in the amplification factor between weak and strong motions
reminds us of the similar discrepancy pointed out by Hudson (1972) for the Pasadena area
between the amplification factor obtained by Gutenbcrg (1957) using relatively weak
motion and that observed during the San Fernando earthquake of 1971. For example, the
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amplification factor at the CIT campus relative to the Seismological Laboratory is'greater
than 1 for the frequency range from 0.1 to 10 Hz, and is peaked (about a factor of 5) at 1

Hz. On the other hand, during thc San Fernando canhquakc, the peak horizontal
acceleration in the campus was slightly greater at the MilikanLibrary, but significantly
smaller at the Athameum than at the Seismological Laboratory where the peak acceleration
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FIGURE 9. Comparison between the observed and synthetic accclerograms at Santa
Cruz (left) and Hollister (right) for thc Lorna Prieta earthquake of 1989,
reproduced from Chin and Aki(1991).

was 0.18g. In general, thc strong systematic dependence ofampli6cation factor on the site .

condition found by Gutenberg for the Pasadena area seems to have disappeared in
Hudson's result. The site dependence, however, showed up in both thc 1971 San
Fernando eanhquake 'data and the distant underground explosion data studied by Rogers a
gl. (1984), as mentioned earlier, although thc amplification factor inferred from the strong
motion appeared to be less than that infencd from the weak motion data.-

The non-linear site response during the Lorna Prieta earthquake detected by Chin
and Aki(1991) appears to be in the range expected for typical sediment sites from
geotcchnical engineering studies. A large body of literature exist on the laboratory aiid
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theoretical studies ofnon-linear dynamic behavior of the soil. There have also been some
fiield studies of the non-linear effect using the actual strong motion records (e.g. Abdel-
Ghaffer and Scott, 1979; Tokimatsu and Midorikawa,1981; and Kamiyama, 1989). These
studies usually document the strain dependent shear modulus G and damping factor
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FIGURE 10. Comparison ofpeak acceleration (small open circle) observed during thc
Lorna Prieta earthquake and predicted one using the weak-motion
amplification factor estimated for each site, reproduced Qom Chin and
Aki(1991). Atdistances less than about 50 km, the prediction over-
estimates considerably the observed at sediment sites.

h(=1/(2Q)). Sugito and Karneda (1990), on the other hand, simulated ground motion on
the soil surface including the non-linear effect, and calculated the amplification factor for
different levels of acceleration at the bedrock, which can be directly compared with the

obscrvcd result on the Lorna Prieta earthquake. They defined the conversion factor I3a as

thc ratio ofpeak acceleration at the soil surface to that at bedrock, arid estimated g for
typical soil conditions spccifiied by geotechnical parameters Sn and dp (see also Sugito,
1986). Their result is shown in Figurc 11, where the flatpart of Q value corresponds to
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the linear response region and the decrease: from the fiat level indicates the non-linear
region. The amount ofdecrease depends on the soil parameters (Sn, +) and acceleration at
the rock surface (Ar). The parameter dp gives the depth to the bedrock where the shear
velocity is 600-700 m/sec, and the parameter Sn is calculated from the blowwount (N-
value) profile obtained from the standard penetration test by the following formula.

0
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FIGURE 11. The ratio P< ofacceleration at the surface of sedimentary layer to the
bedrock surface acceleration calculated for various soil parameters as
a function of bedrock acceleration A„reproduced from Sugito and
Kameda (1990).
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S„&.264 exp{-0.04N(x) I exp{-0.14xIdx-0.885,
(4)

where N(x) is the blow count at depth x (in meters) and ds is the depth (in meters) of blow-
count profile.

The corresponding observation from the Lorna Prieta earthquake is shown in Figure
12, where the ratio of the observed peak acceleration to that predicted by Chin and Aki
(1991) using the weak-motion amplification factor determined by Phillips and Aki (1986)
and Su ~ g. (1990) is plotted against the observed peak acceleration. Figure 12 shows that
the departure from the linear amplification effect is strong at stations within about 50km
f'rom the epicenter. Allthe stations located in the San Francisco Bay atea show, within a
factor of two, agreement with the linear prediction, consistent with the conclusion of
Borcherdt (1990) with regard to the applicability of the weak-motion amplification factor to
the Lorna-Prieta data for the Bay area as mentioned earlier. Comparing Figures 11 with 12,
we find that the geotechnical prediction by Sugito and Kameda and the observation during
the Lorna Prieta earthquake are comparable both in the magnitude ofdepartute ham the
linear theory and in the threshold acceleration level beyond which the non-linearity effect
begins. The values of parameters S> and + used by Sugito and Katneda, however, may or
may not be "typical" for the epicentral region of the Lorna Prieta earthquake.
Unfortunately, there are no geotechnical data available for the sites of the CDMG strong
motion seismographs.

As mentioned earlier, the non-linearity of site effect during the Lorna Prieta
earthquake was manifested in the decrease in the difference in the amplification factor
between rock and soil site with the increase in the acceleration leveL Such a trend has been
noticed by several researchers in the past. For example, Sadigh (1983) and Idriss (1985)
found that the standard error of the empirical attenuation relations for peak acceleration
decreased with increasing magnitude, Abrahamson (1988) confirmed this trend using the
SMART-1 array data as shown in Figure 13. The extremely low standard error of
Campbell's (1981) attenuation formula as compared to others may be another evidence for
the above trend, because his data are restricted to the distance range less than 50 km,
probably with higher accelerations than in others.

The apparently pervasive non-linearity in the amplification factor at sediment sites
as discussed above is a serious challenge to seismologists, among whom the principle of
linear elastic theory is widely accepted for strong motion prediction as exemplifie in the
sowalled empirical Green's function method.

Clearly, the problem of local site effect on strong ground motion is much more
complex than most seismologists have considered. The non-linearity certainly willnot
allow us to simply apply the weak-motion amplification factor to strong motion prediction.
This does not mean the diminished value of the weak-motion amplification factor. On the
contrary, it has become more important to measure accurately the site-specific weak motion
amplification factors at all relevant &equencies at the site ofa strong motion seismograph in
order to characterize the in-situ non-linearity of the site, effect, and relate itwith the
geotechnical parameters of the site.

W

Furthermore, the weak-motion amplification factor may be of some practical use
even in the non-linear regime, because ifthe large weak-motion amplification factor is not



4A

kj

+4'

4( I

~ 's

4



amplifying the strong motion linearly, itwould be represented in the damage made to the

site through the vezy non-linear effect. In fact, theze have been several studies since
Borchezdt (1970) that show a remarkable positive cozzelation between the weak-motion
amplification factor and the site-dependent part ofvariation in the distribution of earthquake
intensity which may be a more versatile seismic h'mud parameter than the peak ground
acceleration.

Borcherdt (1970) compared the intensities for the 1906 San Francisco earthquake
with the amplification factors detemuned from the weak motion generated by underground
explosions in the Nevada Test Site, and found without exception that an increase in
intensity corresponds to an increase in amplification factor.

Bozchezdt and Gibbs (1976) extended the measurement ofNTS explosions to 99
sites in the San Francisco Bay region, and found that the site4ependent part of the intensity

variation BI in San Francisco for the 1906 earthquake can be related with a high cozzelation

coefficient of0.95 to the average horizontal spectzal amplitude (AHSA) in the fluency
0,25 to 3.0 Hz as follows:

5I = 0.27 + 2,70 log (AHSA), (5)

where the intensity is measured in the 1906 San Francisco scale.- According to Bozchezdt
and Gibbs, use of the San Francisco scale reduces unceraunties in the pzedictions.
Approximate conversions Gom the San Francisco scale to the Rossi-Fozel and Modified
Mezcalli scales are suznzzumzed by Borchezdt ~. (1975). They also calculated the mean
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FIGURE 13. Magnitude dependence of the lognozmal standard ezror for peak ground
acceleration reproduced &om Abrahamson (1988). The. curve marked as

"this study" is for the SMART-1 array data, and the Idriss curve is for the

data from broadly distributed stations.
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and standard deviation for both AHSA and 5I for the various geological units as shown
below.

TABLE 1.

Geolo 'cal Unit Standard Error Mean Standard Error
ranlte

Franciscan Formation
Great Valley Sequence
Santa Clara Formation
Alluvium
Ba Mud

1.00
1.42
1.70
2.44
7.08

.11
0.38
0.45
0.64
1.08
3.78

0.19
0.64
0.82
1.34

. 2.43

.21
0.47
0.34
0.49
0.58
0.58

The above range of AHSA variation according to geology is quite similar to that of
the coda amplification factors at 1,5 and 3 Hz, although precise comparison is difficult
because of the different sites selected for the NTS explosion recording and for the USGS
permanent network stations.

More recently, King~. (1990) recorded ground motion induced by blasts at an
open-pit coal mine at many sites in Olympia (33 to 40 km from the mine) that reported
Modified Mercalli (MM)intensities from the Puget Sound earthquake of29 April1965.
They calculated the ratio ofFourier spectral amplitudes at an alluvium site to spectral

V N W Y VI YN

lM IntHHIIY
Vl VS

FIGURE 14. Relation between MMintensity and weak-motion amplification factor
(Ground Response Factor) at three frequency bands (.5 to 1, 1 to 2, and
2 to 4 Hz) in Olympia, reproduced from King~ g. (1990). The MM
intensity is observed during the Puget Sound earthquake of 1965.

amplitudes on hard rock, called GRF (ground response function), in three frequency bands

(0.5 to 1.0 Hz, 1.0 to 2.0 Hz, and 2.0 to 4.0 Hz). Figure 14 shows the comparison of
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GRF with observed MMintensities separately for the three bands. The 2.0 to 4.0 Hz band
shows the strongest correlation between GRF and intensity. The coefficient relating GRF
incitement with intensity increment for this band is comparable to the one relating AHSA
with 51 found by Borcherdt and Gibbs (1976) for San Francisco.

The maximum range of intensity variation due to site effect is 2.7 between granite
and Bay mud according to the Borcherdt-Gibbs table. Evernden ~. (1981) used the table
as the basis for their intensity prediction using the surface geology. The seismic zonation
based on predicted intensity has been applied to various parts of U.S., including the Los
Angeles Basin (Evernden and Thomson, 1985), More recently, Toppozada et al. (1988)
used a similar intensity prediction for drawing a planning scenario for a major earthquake
on the Newport-Inglewood fault zone. Unlike Evernden and Thomson (1985), the latter
assumed that shaking intensity does not depend on depth to water table (in Japan, the water
table is considered for the amplification of vertical motion through its effect on P-wave
velocity profile, but not for the horizontal) and the maximum range of intensity variation
due to site effect in the Los Angeles Basin is 2.0 between rock sites and Holocene deposits
as shown below.

TABLE2.

eologic Umt

Plutonic and Metamorpluc
'ocks

ymbo

Ti1 z> gr z1 gl

zing

zt
gb Mzy gr-m, mv, m, pEc,

E, sch, J,

Volcanic Rocks

Pre-Cretaceous Sedimentary
Rocks

Qv, rv, Tv, Pv

Pm, C

0.3

0.4

Upper Cretaceous
Paleocene, and Eocene
Marine Sediments

Ep, E, Ku 1.2

Tertiary Nonmarine
Sediments

Tc 1.3

Oligocene and Miocene
Sediments

Mc, M,Oc 1.5

Plio-Pleistocene and
Pleistocene Sediments

Pml Pu Qc Qm Qt QP 1.8

Holocene De sits S, 2.0

How reliable are these intensity predictions based on surface geology''This is a
key question for seismic zonation. We have seen successful cases in the 1906 San
Francisco and the 1965 Puget Sound earthquake. Chavez-Garcia ~. (1990) also
concluded that the intensity variation during the 1978 Tessaroniki earthquake correlates
well with the site response for weak motion. Let us now consider an unsuccessful case of
the Whittier Narrows earthquake of 1987 and examine why it did not work. - —-
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Figure 15 shows a topography and street map ofdowntown Whittier and Puente
Hills (contour in feet) reproduces from Kawase and Aki(1990). The lines separating the
area of MMintensities, VI,VIIand VIIIate adapted from the preliminary intensity map of
the Whittier Narrows earthquake prepared by Myendecker ~. (1988). The area of
intensity VIIIis supported by additional data, namely, solid circles representing the heavily
damaged buildings and houses identified by a team of reseatchers from the University of
Southern California, and open circles representing the water pipeline damage shown in
Schiff (1988). The hypocenter of the earthquake is located at about 10 km to NNW at a
depth of about 14 km..

The surface geology in this area does not correlate with the intensity distribution.
For example, the north-eastern part of the intensity VIIIarea is on Tertiary sediment, while
the part of intensity VIarea to the north ofPuente Hills is covered by Holocene deposits.
The table shown above would predict 0.7 lower intensity at the former site as compared to
the latter, malung the discrepancy with the observed by as much as 2.7 intensity unit.

The above observed intensity pattern was explained quantitatively by Kawase and Aki
(1990) as due to an unfortunate coincidence of the particular location of the area relative

VII Vl

~ o
Vill ~

o

FIGURE 15. The distribution ofMMintensity during the WhittierNarrows earthquake of
1987 by Leyendecker ~ Q. (1988). The area of intensity VIIIis supported
by additional data, namely, solid circles representing the, heavily damaged
buildings identified by a team of USC researchers, and open cities
representing the water pipeline damage shown in Schiff (1988). This
figure is reproduced from Kawase and Aki (1990) who attribute the
intensity distribution to a combined effect of the critically incident SV
waves and the topography of Puente EIills.
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to the earthquake hypocenter and the presence of a hill. The location of high intensity area
corresponds to the place of arrival of SV waves at the critical angle from the hypocenter.

(SV waves are vertically polarized S waves, and the critical angle 9 of ray path from

vemcal is equal to sin8=p/a, where p is the S wave velocity and u is the P wave velocity).
Numerical simulations by Kawase and Aki(1990) demonstrated that critically incident SV
waves willcause anomalous amplification at the slope of a hillon the other side of the
hypocenter in agreement with the observed intensity pattern at Whittier.

Unusual ground fissures (tearing trees) discovered at a distance of 13 km from a
MW.2 Vonore, Tennessee earthquake of March 27, 1987 were also attributed to the same
critically incident SV waves by Nava ~. (1989). Observations ofdislocated boulders
indicating vertical accelerations exceeding 1 g by Umeda (1990) during the Lorna Prieta
earthquake of 1989 and the recent Philippine earthquake can also be explained by combined
effects of topography and critically incident SV waves.

The above examples present challenging problems for seismologists engaged in the
study of seismic zonation, There may be many other cases in which the combined effects
ofparticular source, path and site conditions may generate anomalously strong ground
shaking. The characterization of a site by the surface geology alone may miss the real cause
of site amplification effect, Both Bard ~. (1988) and Kawase and Aki(1989), for
example, concluded that the combined effect of deep sediment and shallow clay layer with
different scales in their lateral variation was important in explaining the spatial variation in

'mplitude and duration of strong shaking in Mexico City during the Michoacan earthquake
of 1985. Since anomalously strong and/or long shaking should be the subject ofconcern

. in strong motion seismology, a systematic exploration of such possibilities is needetL
Once these effects are identified, the only practical way to include them in seismic zonation
would be the probabilistic approach by assigning the probability of the occurrence of such
earthquakes relative to a given site.

The above examples of the Whittier Nanows and Michoacan earthquakes
demonstrates the importance of numerical simulation in order to advance the method of
seismic zonation beyond the empirical pnxHction based on surface geology. The methods
of numerical simulation for strong motion ptediction have progressed considerably in the
past two decades as reviewed in Sanchez-Sesma (1987) and Aki (1988). Here we shall
briefly review more tecent advances in this area.

n v

Numerical simulations have become a powerful tool for understanding the cause of
local variations in strong ground motion in two particularly useful manners. One is to
directly simulate the pattern of shaking during a particular target earthquake, and the other
is to make parameter sensitivity studies for idealized models of irregular topography and
basin strucnues. As concluded in a review by Aki (1988), adequate state-of-the-art
methodologies an: available for numerical simulation of local site effect as far as 2-D
structures are concerned.

Current research in this area is, therefore, mainly aimed at the development of
methodologies for studying 3-D structutes. In the following, we shall make a brief survey
of various approaches being taken toward this goaL

Since the 1970's, a variety of numerical methods have been developed to compute
seismic response in irregularly layered structures. Following the classification by
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Shinozaki (1988) with an addition by Horike ~. (1990), they ate divided into seven

groups: the wave function expansion method (Trifunac; 1971; Sanchez-Sesma, 1985; Lee,
1988), the finite element method (Lysmer and Drake, 1971; Zatria, 1981), the finite
difference method (Boore, 1972; Virieux, 1984), the discrete wavenumber method (Aki
and Lamer, 1970; Bouchon and Aki, 1977; Bard and Bouchon, 1980a,b, 1985), the

boundary integral method (Wong and Jennings, 1975; Sanchez-Sesma and Esquival, 1979;
Dravinski, 1983), discrete wavenumber boundary element method (Bouchon, 1985;
Kawase, 1988), and ray and beam methods (Hong and Helmberger, 1978; Lee and
Langston, 1983; Nowack and Aki, 1984). The above methods have their advantages and
disadvantages, an'd, in general, those which can deal with more realistic models are less

accurate, while those achieving higher accuracies are more time~nsuming. Most.of these

methods are still actively being developed, because each has its own merit that effectively
applies to a certain class ofproblems.

Let us start with studies attempting the simulation ofobserved shaking during actual
earthquakes. The finite difference method for2-D SH cases was used by Yamanaka ~.
(1989) to simulate the yound motion in the period range Gom 3 to 10 sec observed in =

southwestern Kanto during the western Nagano earthquake of 1984. The simulation
showed a good fitto observation in spite of the 2-D modeling. A similar 2-D finite
difference method was used by Vidal and Helmberger (1988) to simulate both the P-SV
and SH motions in the period range 2 to 10 sec observed in the Los Angeles basin during
the San Fernando earthquake of 1971. They used the method of Helmberger and Vidal
(1988) to define the appropriate line source for the 2-D simulation to mimic the radiation
from a point shear-dislocation source, calculated ground motions for the basin structure
inferred by Duke ~. (1971), and obtained results in an excellent agteement with
observed ground motions as shown in Figure 16. A similar combination of2-D structure:

and 3-D source has also been considered by Khair~. (1989) using the hybrid method of
boundary integral and finite element method.
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FIGURE 16. Peak velocity attenuation with distance for the San Fernando earthquake of
1971, reproduced from Vidale and Helmberger (1988). The crosses show

the observed peak velocity, while the line shows the attenuation calculated

by the finite difference method
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The 2-D Aki-Lamer method was extended to the case ofmultiple interfaces and
applied to simulate the seismic motion (around 1 Hz) observed in the Kyoto basin during
the western Nagano earthquake of 1984 by Horike (1988). The predicted motion is not
large enough to explain the observed, and the disctepancy led Horike ~. (1990) to
extend the Aki-Lamer method to the 3-D case. Their parameter sensitivity studies based on
two-types of sedimentary basin (cosine-shape and trapezoidal interface) showed that the
maximum amplification for the 3-D case is greater than that for the corresponding 2-D case
by up to two.

The Aki-Lamer method was extended to the 3-D case also by Ohori ~. (1990),
who tested the validityof their method successfully against the result obtained by Jiang and
Kutibayashi (1988) using the boundary element method applicable to an axisytniaetric
case. Ohori ~. (1990), then, made an extensive parameter sensitivity studies for a
circular and elliptic sedimentary basin, and found that both the amplification factor and the
frequency become higher as the dimension of the problem increases Qom 1-D to 3-D, as
shown in Figure 17 for the case of an elliptic basin.

A similar comparison of 2-D and 3-D basin structures was made by Mossessian and
Dravinski (1990) who used the boundary integral equation method, tested their method
against the result of Sanchez-Sesma (1983) and found various discrepancies between the 3-
D and approximate 2-D case of basin structuxe.

A 3-D ray method was applied by Ihnen and Hadley (1986) to simulate the ground
motion in the Puget Sound region during the 1965 Seattle earthquake. They considered a
six layer structure consisting of water, glacial alluvium, upper crust, lower crust,
subducting Juan de Fuca plate and upper mantle, and included multiple refiections within
the alluvium as long as they contributed significantly to the synthetic seismogram. The
predicted peak ground acceleration was found to be consistent with the damage reports in
the Seattle area.
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FIGURE 17. The amplification factor at a center of an elliptic basin forvertically incident
S waves calculated by Ohori a Q. (1990). The response calculated for the
3-D model is compared with the results obtained under 1-D and 2-D
assumptions. The 1-D and 2-D assumptions tend to underestimate the true
amplification factor.



h

II

l

(
C

~t

~. h

v'

Jy



In addition to these efforts toward the simulation for 3-D structures, the effect of
inhomogeneity in the basin, such as the vertical velocity gradient was studied effectively by
a combination of the boundary integral method and the Gaussian beam method (Benites and
AVi, 1989; Benites, 1990). The above combination takes advantage of the strengths of the
two methods, avoiding their weaknesses. The Gaussian beam method helps to reduce the
number of unknowns needed by the boundary integral method, and the boundary integral
method eliminates the need for calculating complex reflection and transmission coefficients
for the beam by matching the boundary condition globally.

B. DEVELOPING REGIONALDATABASE FOR GROUND
MOTIONESTIMATION

Many important and urgent problems in strong ground motion estimation require
the simultaneous acquisition of various geologic, seismic and geotechnical data at common
sites. For example, the in-situ determination ofnon-linear site effect requires both weak
motion and strong motion amplification factor at the same site. The dependence of ground
motion response on geological and geotechnical conditions of site can be accurately
evaluated only when these data are obtained at the same sites. The data base for the
macroseis'mic information such as intensity and building damage factor are also desirable at
the same sites where geologic, seismic and geotechnical measurements are made.

The site-specific weak-motion amplification factor can be most effectively
determined by the coda method using local small earthquakes as demonstrated by Phillips
and Aki (1986) and Su ~. (1990) . In areas where local small earthquakes are not
available, artificial sources at some distances can be used (Borcherdt, 1970; Rogers et al.,
1985; King et al., 1990), although the available fiequency band may be limited to
frequencies lower than a few Hz. On the other hand, the amplification factor for relatively
long-period (3 to 6 sec) may be most effectively estimated by the use ofambient
microseisms from distant sources (Kagami et al., 1982, 1986). In addition to the strong
motion records ofpast major earthquakes in the region, the data base should also include
detailed survey of intensity (Ohta et aL, 1979), and some quantitative building damage
factor (e.g., Iglesias, 1989).

Conventional geologic maps are usually not adequate for the purpose of ground
motion estimation, because they only crudely differentiate young unconsolidated deposits.
For example, the differentiation ofQuaternary sediments as shown in Table 3 was used by
Tinsley and Fumal (1985) for the microzonation of Los Angeles basin, based on the work
of Lajoie and Helley (1975) for the San Francisco Bay region. The map based on the
above classification may be, for example, used for identifying the areas of liquefaction
possibility by overlaying itwith the map of water table elevation.

Wellknown formulas for calculating the shear wave velocity and density has been
developed in Japan by Ohta and Goto (1978) based on geologic and geotechnical data
Geologic data used as an input to these formulas ate the age of the sediment classified into
Holocene (called Alluviumin Japan), Pleistocene (called Diluviumin Japan) and Tertiary
and the texture of soil classified into clay, silt, sand or graveL

The shear wave velocity is broadly recognized as the single:most important
parameter affecting the site amplification, and Fumal and Tinsley (1985) have developed a
relation between shear wave velocity and geologic unit for the Los Angeles region as
shown in the following table, following the work of Borcherdt ~ (1978) and Fumal
(1978) for the San Francisco area based on mapping of Lajoie and Helley (1975).
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TABLE3.

Grain Size

ear ave e ocity

ean (Im/s) tan Error
Ho ocene

Pleistocene

Ule
Medium
Coarse

Ve Coarse
iile

Medium
Coarse

Ve Coarse

230
320
365

430
495
650

30
25
20

115
85

155

It is striking to compare the above table used as the basis for microzonation for Los
Angeles with the one for Tokyo. The following table shows the classification of surface
geology used for seismic zoning ofTokyo with the mesh size of 1 km x 1 km (Shima,
1978).

TABLE4.

Geolo Units
Peat

Humus
Clay

Loam
Sand

hear Wave Velocity
(m/s)

90
100
150
170

Amp 'ation Factor
Relative to Loam

l.
1.7
1.5
1.0
0.9

Comparison ofTable 3 and 4 shows that the best site in Tokyo is comparable to the
worst site in Los Angeles as far as the shear wave velocity is concerned. In the San
Francisco Bay area, however, we find areas comparable to Tokyo, namely, the bay mud
with the shear wave velocity ranging from 55 to 115 m/s, and the man-placed fills from
159 to 222 m/s (Fumal, 1978). The worst known urban area'is, ofcourse, in the Mexico
City where the shear wave velocity of the lake sediment is as low as 30 m/s (Figueroa,
1964).

With regard to the geotechnical data, Rogers ~. (1985) found, far both Los
Angeles and San Francisco, that the most significant factor controlling site amplification is
mean void ratio which strongly correlates (inversely) with shear wave velocity. The void
ratio is related to the ratio of measured dry density to the solid without void. Rogers et al.
studied several other geotechnical parameters, and found that in addition to the void ratio
and shear wave velocity, the thickness ofunconsolidated sediment and the depth to bedrock
are also significant parameters controlling the amplification for periods 0.24.5 s: At
periods longer than 0.5 s, depth to bedrock and the thickness of Quaternary sediments were
found to be controlling factors. They found that the depth to water table is not a reliable
predictor of site amplification. =-

Goto ~. (1982) showed that a geotechnical parameter calculated from blowwount
(N-value) profiles from standard penetration test has a significant relation with the site
amplification factor. The N-value has been used also in the Ohta&oto (1978) formuh as
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well as in the prediction of non-linear site effect by Sugito and Kameda (1990) as
mentioned earlier.

A typical geotechnical data set used for the prediction of site amplification effect
(e.g. in the blind pmdiction experiment at Parkfield, California and at Ashigara, Japan)
consists of borehole measurements on P-wave velocity, shear-wave velocity, density, and
N-value. On the other hand, the damping or attenuation parameter such as h or Q (= 1/2h),
is often inferred from the measured wave velocity.

A reliable measurement of seismic attenuation parameter Q (or h = 1/2Q) squires a
vertical array of seismographs in a borehole. Several such studies, both in Japan and U.S.
revealed that Q in general increases with frequency, approximately according to the power
law~ P, where a is between 0 and 1. For example, Sakai ~. (1989) determined Q
from the borehole array records of local earthquakes with magnitude around 6. They found
that at the Nakano site mainly consisting of find sand and clay, Q = 7(0.8f)~~>, and at the
Miyagino site mainly consisting of clay and gravel with clay, Q = 4(0.4f)~ ~, for the
frequency range Ocf<10 Hz. A similar study by Kobayashi et al (1989) using borehole
arrays at Minamisuna and Narashino indicated that Q is proportional to ftequency and can

~V ~V
be expressed as Q = 20 for a silt-clay site, and Q ~ 60 for a sand-gravel site, where Vs
is shear-wave velocity in m/s. A similar result was obtained from deep borehole data in the
Kanto area by Kinoshita (1983, 1986), who found Q = 4f and Sf for the Holocene
sediment at Iwatsuki and Urayasu, respectively. He also found that Q = 50f in the range of
0.ST<3.2 Hz for the whole sedimentary layer of Quaternary and Tertiary.

Scale and Archuleta (1989), on the other hand, found from the tecords of local
earthquakes (including M=5.8 and 6.4) at a 166 m borehole station in the Mammoth Lakes
area that Q=10 independent of frequency up to 10 Hz for the surface layer composed of
glacial till. Likewise, Joyner ~, (1976) using the records at a 186 m downhole array on
the shore of the San Francisco Bay that Q = 16 for Bay mud, independent of frequency.
The so called x-effect found by Anderson and Hough (1984) also implies a &equency
independent low Q layer near the surface. The frequency independent Q of 9-10 for filled
land in Tokyo is reported by Shima et al. (1985). For higher frequencies, 30cf<90 Hz,
Kudo and Shima (1970) found the following frequency independent Q's at various soil
sites Q = 8 (Pleistocene sand), Q = 20 (Holocene silt), Q = 6.5 (Tertiary mudstone), and Q
= 5 (loam).

Finally, we repeat that it is crucially important to have all these geologic, seismic
and geotechnical data at common sites as much as'possible, in order to solve problems
urgently requiring solutions as described earlier.

C. PREDICI IVEGROUND MOTIONMAPPING FOR SEISMIC ZONATION

So far in the present paper, we have described the statecf-the-art methods for
characterizing the source, propagation path and local site effects on strong ground motion
and the regional data base to be developed for ground motion estimation using these
methods. Let us now describe how these ground motion estimates can be and should be
synthesized into useful maps for seismic zonation.

Let us start with existing zoning maps for bedrock motion. The development of
national maps for seismic zoning in the contiguous United States has been reviewed by
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Algermissen (1983). There are two such national maps currently in use; one included in
, the Uniform Building Code (UBC, 1979), and the other in the Applied Technology

Council report (ATC, 1978). The UBC map developed by Algermissen (1969) with later
modifications, divide the contiguous United States into five zones numbered 0 through 4,
based largely on the maximum Modified Mercalli intensity observed historically in each
zone.

The ATC report, aiming the development of nationally applicable seismic design
provisions, included maps of "effective peak acceleration" and "effective peak velocity",
which can be used to calculate lateral force coefficients. These maps are based on the work
of Algermissen and Perkins (1976) who estimated the expected maximum acceleration in
rock in a 50-year period with a 10% chance of being exceeded throughout the contiguous
United States. Algermissen ~. (1982) published similar maps for both ground
acceleration and velocity for exposure times of 10, 50 and 250 years. Their method of
estimating the exceedance probability is based on the assumption about source zone that the
earthquake occurrence follows the Poission process in time and obeys the Gutenberg-
Richter magnitude-frequency law, as well as an appropriate empirical attenuation relations.
This type of seismic hazard analysis method is classified as Type IG single model PSHA
(probabilistic seismic hazard analysis) method in a report by the National Research Council
(1988).

More sophisticated PSHA including the information on the characteristics of
Quaternary faults, such as their location, segment length and slip rates has been described
in the above NRC report as well as in the companion state-of-the-art paper by
Coppersmith. Preliminary attempts for mapping peak ground acceleration and velocity
based on such geologic data were made by Wesnousky (1986) for California.

Seismic zoning maps have a longer history in Japan than in U.S., starting with
Kawasumi (1951). There are numerous maps published on the peak ground acceleration
and velocity in Japan for various exposure times ranging from 50 to 200 years, but
unfortunately almost all papers on the subject ate written in Japanese. Most maps are based
on the historic data going back up to the period of 1300 years interpteted by various
statistical models of earthquake occurrence, but some attempts to include the'data on active,
faults have also bo:n carried out (Wesnousky ~., 1984).

In addition to the zonation map for bedrock'motion as described above, in.both:
U.S. and Japan, microzonation maps for selected areas have been developed in order to
include the effect of local geology. Most existing maps are based on the relations among
the site amplification factor, shear wave velocity, density, geologic age, texture of
sediment, and other measurable geologic and geotechnical parameters discussed earlier.
Maps in Japan are often divided into meshes of sizes 500m x 500 m or 1 km x 1 km (e.g.
Shima, 1978). Maps in the U.S. are often divided by continuous lines separating zones of
different classifications of site effect (e,g. Fumal and Tinsley, 1985).

Earlier we presented a systematic dependence ofweak-motion site amplification
factor on the geologic age (Figure 8) and showed that the conelation is very. significant on.
the average, but the standani error is large with regard to the individual measurement. The
standard error for the individual measurement is about 0.5 in natural log, corresponding to
a factor of about 1.6, nearly independent of frequency.

'

This large variability may be attributed to the detailed topography and subsurface
structure of individual site in the 1-D, 2-D and 3-D configuration. For example, we
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described earlier about a significant discrepancy between the observed intensity distribution
of the Whittier Narrows earthquake and the one predicted on the basis of local geology, and
explained the discrepancy in terms of the unfortunate coincidence of the particular location
of the high intensity area relative to the hypocenter (critical SV incidence) and the presence
of hill in the neighborhoocL

This example points the way to go beyond the current practice for microzonation
described above. Suppose that the damage in Whittier was due to the topography of Puente
Hills and the hypocenter location in the direction ofcritical angle (about 30'rom vertical)
from Whittier. For a future earthquake like the Whittier Narrows earthquake, we should be

. able to predict a similar damage at a site with the similar topography located at the critical
angle f'rom the hypocenter. Since many such earthquakes are possible, itwould be
cumbersome to consider each possible case separately. On the other hand, we may assign
the probability of occurrence to such individual earthquakes. Then, it would be
straightforward to calculate the exceedance probability of ground motion for all possible
earthquakes of this type at a given site, and then synthesize the result into a hazard map.
The approach of PSHA is ideal for such cases.

There is, however, a difficultywith PSHA when we need to consider multiple
ground motion parameters simultaneously. The currently available hazard map is restricted
to a single ground motion parameter, such as the peak ground acceleration or velocity.
Many users of the seismic hazard maps need more information, such as the duration of
strong motion and response spectrum at various frequencies. One can construct a hazard'ap for each of these additional parameters in the same way as for the peak ground
acceleration, but the problem is that the set ofparameters thus obtained at a site for a given
exceedance probability do not correspond to the set expected for a particular earthquake,
and may not be useful for a certain design purpose. To remedy this, one needs numerous
hazard maps for all combinations ofdifferent parameters, and the procedure becomes
cumbersome.

One possible solution of the problem is to discard the traditional approach of
constructing ~ omni-purpose zonation map. As we all know, different users of ..

earthquake hazard information have different needs. We believe that the state-of-the-art of
earthquake hazard science can now, or willin near future, meet these needs. But, the
effective format of information transfer may not be by the omni-purpose zonation map.

We envision the seismic hazard analysis of the 21st century to be as a joint work
participated by earth scientists and users through a computer. Earth scientists willidentify
potential earthquakes and assign probabilities to their occunence. Their next job is to
calculate a complete seismogram of ground motion at a given recording site due to each
potential earthquake source. Depending on the hequency range of interest, the most
effective synthesis technique among those described earlier willbe selected for the
calculation of time series. The user then decides what parameters of ground motion they
want, and obtain the parameters from the calculated seismogram. The same calculation is
repeated for all pairs ofearthquake source and receiver site requested by the user. Finally,
the exceedance probabilities willbe evaluated for each combination of wanted paratneters.

Maps delineating potentially vulnerable zones, such as intensity maps, maps for
landslide and liquefaction potentials, etc. willalways be useful for planning purposes.
These maps permit definition of zones in which special studies for specific hazards should
be undertaken for desired type of development.
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D. PREDICIIVEEARTHQUAKEI%I'ENSITYMAPPING FOR SEISMIC ZONATION

The broader usefulness of earthquake intensity than peak ground acceleration or
velocity has been recognized by some researchers and used as a basis for developing
scenarios ofearthquake damage for emergency-response planning. For example, Davis ~
gj. (1982 a,b) describe anticipated damage ofhighways, airpotts, railroads, marine
facilities, communication, water supply and waste disposal, electric power, natural gas,
and petroleum fuels for a magnitude 8.3 earthquake on the San Andreas fault in the San
Francisco Bay area and southern California. They used the intensity map constructed by
Evernden's method mentioned earlier. A similar study on a magnitude 7 earthquake on the
Newport Inglewood fault was done by Toppozada ILAIL.(1988), who modified Evernden's
method by excluding the effect of shallow water table as mentioned earlier. Similar studies
have been done also in Japan for a potential magnitude 8 earthquake in the Tokai region and
others. Japanese approaches include those based entuely on empirical intensity data due to
Ohta a gl. (1979).

There have not been enough cases forcomparing predicted and observed intensities
to enable a general evaluation of the accuracy of these predicted intensity maps. Earlier, we
pointed out an example ofdiscrepancy between the predicted and observed relative
intensities by almost three units in the case of the WhittierNanows earthquake, and
attributed it to a combination of a particular source-receiver direction and a topography
effect. A similar comparison can be made for the Lorna Prieta earthquake between the
observed preliminary intensity map shown in Figure 18 (Plafker and Galloway, 1989) and

III~t ~

FIGURE 18. Preliminary intensity distribution for the Lorna Prieta eanhquake of 1989,
reproduced from Plafker and Galloway (1989).,
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the site dependent intensity variation 51 listed in Tables 1 and 2. The observed and
predicted intensities seem to agree in the northern part of the mapped area, but not in the
southern part, where the observed intensity does not seem to distinguish rock site and soil
site. This is similar to what Chin and Aki (1991) observed for peak ground acceleration.
They found that the site effect on peak acceleration was conspicuous outside the epicentral
area but disappeared within 50 km Rom the epicenter. They attributed this to the non-linear
amplification at sediment sites as discussed earlier.

In addition to the non-linear site effect, the source effect such as the directivity of
rupture propagation and the propagation path effect such as the focused reflection from the
crustal discontinuities contribute to further complexity ofour problem. The intensity,
however, can probably be estimated from the predicted acceleration time history. Thus, the
predicted map of intensity in the future willbe produced as a subset of the predicted maps
of ground motion described in the preceding section.

E. FVI'URE RESEARCH NEEDS TO IMPROVE SEISMIC ZONATIONFOR
MITIGATINGEARTHQUAKESHAKINGHAZARDS

The most urgent need to improve seismic zonation is the clear understanding of the
non-linear amplification effect at soil sites which may be more pervasive than most
seismologists thought earlier, as supported by three new pieces of seismological evidence
described in the present report. The first is the systematic difference in frequency
dependent site effect between the weak motion and the saong motion. On the average,
weak motion amplification factor is greater at soil sites than rock sites at all frequencies at
least up to 12 Hz. On the other hand, the strong motion amplification factor is greater at
soil sites than tock sites only for frequencies lower than 5 Hz, and the relation is reversed
for higher frequencies on the average. This frequency dependence is reflected in the
generally observed independence of strong motion peak ground acceleration on the broad
classification of site condition.

The second evidence for non-linearity is the systematic deaease in variabilityof
peak ground acceleration with the increasing earthquake magnitude, and the thitd is the .

recent results from the Lorna Prieta earthquake showing that the peak ground acceleration is
site-independent in the epicentral region, and become siteWpendent at epicentral distances
beyond about 50 km. Allthese observations seem to support a pervasive non-linear
amplification effect at soil sites, which have been predicted by geotechnical studies but has
escaped the detection in the past seismological studies.

In order to establish'the above evidence more firmlywith a clear understanding of
physical mechanism, it is essential to make simultaneous measurements on (1) site-specific
strong motion amplification factor, (2) site-specific weak motion amplification factor, and
(3) geologic, geotechnical and seismological characterization of the site condition at many
common sites. Both strong and weak motion amplification factors need to be measured at
all relevant Qequencies. One of the reasons for the past inconclusiveness with regard to the
non-linear effect was because each of these different measurements were done
independently at different sites, and it was dif5cult to develop exact relationships among
them.

Projects for such simultaneous measurements have been underway by a cooperative
effort of international researchers at few test areas, such as Turkey Flat in the vicinityof
Parkfield, California (Cramer and Real, 1990), and Ashigara, Japan. We need many more
sites of simultaneous measurements, in order to establish in-situ phenomenology of the
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non-linear effect, and to understand its physics in terms of soil properties. This reseatch
willrequue much closer cooperative work than that curtently existing among geologists,
seismologists and geotechnical engineers. Most seismologists willbe reluctant to accept
the importance ofnon-linearity in the local site effect because itwould mean the inadequacy
of standard seismological approach based on linear elasticity for strong motion ptediction,
at least, at soil sites. On the other hand, itwillopen up a new challenge for seismologists
of studying non-linear site effects in 2-D and 3-D irregular structures, leading them to a
fascinating research subject in non-linear physics.

Another important area ofurgent needs for research is the improvement in the
relation with the community ofusers of the earth science information. The user community
is diverse, and the ground motion parameters required are also diverse. It is impractical to
prepaid common omni-purpose zoning maps meeting all of their needs. We envision the
followingprocedure as the future seismic zoning.

Since any ground motion parameter can be extracted from the acceleration time
series, we shall compute the time series for a given source-deceiver pair using the state-of-
the-art method on the basis ofour current knowledge on the earthquake source,
propagation path and recording site condition. We then extract the ground motion
parameter requested by a customer, and attach the probability of the occurrence of the
particular earthquake to the parameter. We repeat the same procedure for all relevant
source-receiver pairs, and synthesize the results into a site-specific, or a map view of the
parameter for a given probability of exceedance in the usual manner ofprobabilistic seismic

'azard analysis. Such a custom made zoning map willbe possible in the future with the
improved capability ofcomputer.

A quick evaluation of ground shaking in the form of intensity map immediately
following a damaging earthquake to help the officials in charge ofemergency-response may
also be a possibility in the future. This area of research needs more extensive cooperative
work than that currently existing among policy makers, engineers, physical and social
scientists.
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